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ABSTRACT

Ultra wideband (UWB) Communications Technology is a new technology especially,
for indoor environments, which has emerged in the last twenty years. The Channels
Complex Coefficients are measured using a device called a Vector Network Analyzer
(VNA). Such characterizations are typically done in a laboratory or an office. Few
studies look at the effect of the substances between the transmitter and receiving
antennas on the frequency response of the UWB channel. The research question of this
thesis to be explored is can we use UWB channel coefficients to detect a variety of
different liquid materials and volumes of each. This study provides a low-cost system to
accomplish this by applying a data mining technique to the collected frequency traces.
The research involves the measurements and analysis of the UWB Radio Propagation
Channels in the presence and absence of various substances (liquids and gases) between
the transmitting and receiving antennas using LOS (Line of Sight). The substances
studied include methane, carbon dioxide (CO2), ocean water and two distinct types of
crude oil. This technology allows us to detect the presence of different substances /
materials through the UWB radio propagation channels using channel characteristic
coefficients to which is applied the analysis algorithm using K-Nearest Neighbour. The
hypothesis under study in this thesis is whether we identify these various liquids and
gases under controlled laboratory environments in the presence of multipath. The
collection of research studies in this thesis produces a proven novel technique to
measure different substances in the wireless medium. The following approaches have
been developed in this thesis:


We first examine data from indoor UWB channels by measurement and analysis
of UWB noise channels in different indoor environments. All measurements are
done using a VNA which allows us to measure the noise channel transfer
functions. Two calibration methods are investigated to determine the most
suitable approach for UWB communication channel measurements. The
Through, Open, Short and Match (TOSM) and Through, Reflection and Load
vii

(TRL) calibration techniques. The presented experimental results show that the
TRL calibration process is more precise for the calibration of coaxial cables and
the UWB channel as clearly seen by increased magnitudes of the channel
transfer function.


We find that the noise power of the system is decreased by increasing the
intermediate frequency (IF) bandwidth which leads to an increase in time taken
to perform measurements of the channels. The environmental noise power has
been measured and it is found that it decreased when enclosed in a Faraday cage
(steel shed), which forms an intense multipath measurement environment.



UWB Channel measurements were proposed to detect the presence of different
substances (Carbon Dioxide, Nitrogen and engine oil) between the antennas.
This technique takes advantage of the large number of frequencies which an
Ultra Wideband signal occupies. The differences in channel magnitude
frequency responses were used when in the presence of different substances
between the transmitting and receiving UWB antennas. These magnitudes were
affected by different gases and seemed to produce repeatable results. This leads
to formation of the hypothesis question for this series of experimental studies.



UWB Channel measurements through carbon dioxide, Methane and Nitrogen
gases were conducted. It was found that there was a significant characteristic
signature over discrete frequency values when taking baseline differences to
Nitrogen. Methane has a higher characteristic signature over a large segment of
discrete frequencies and how this related to values from the line intensities and
spectral line position for frequency absorption studies. It further confirms that a
signature trace for methane gases when taking baseline differences to Nitrogen.



A new application of the K-NN (K Nearest Neighbour) was implemented to
classify various substances (Crude oil type A, Crude Oil type B and Ocean
Water) using measured UWB channel complex coefficients over various
frequency ranges between 300 MHz to 8 GHZ. We found that we can detect
with high accuracy these substances and different volumes of the substances
physically present in the UWB wireless channels. The series of publications on
UWB wireless measurements show that we can identify different substances in
the UWB channel with a very high degree of certainty.
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Chapter 1
Introduction

1.1 Motivation
Ultra wideband (UWB) Communications Technology is a new technology, especially
for indoor environments which has emerged in the last twenty years [1]. It has been
proposed for industrial applications such as UWB electromagnetic sensors and UWB
radar applications [2, 3]. UWB radio techniques allow low power data transmission
over an extremely wide range of bandwidth in the indoor environment [4, 5]. Accurate
characterization of UWB channel propagation is essential to many communication
systems [3, 6]. In order to validate the UWB radio channel measurements, the following
factors need to be investigated: the noise level of the system and the environmental
noise power.
These factors can potentially lead to more accurate measurement of UWB channels. The
transfer functions of the UWB channels are obtained through the frequency domain
technique using a vector network analyzer (VNA). The Rohde & Schwarz ZVC-VNA
used in our measurements has an operating frequency range of 300 kHz to 8 GHz.
Wireless UWB radio channel parameters can be measured using a VNA which should
be calibrated to decrease the effect of the instrument on the measured channels [8-16].
Additionally, the UWB technology has been used for accurate indoor localization
applications [6]. The UWB measurement equipment requires a calibration technique to
achieve undistorted UWB radio propagation channels [17]. A VNA is defined as an
instrument that can measure the channel parameters (S-parameters) of physical wireless
networks, such as phase and amplitude properties of the wireless channels. The ZVCVNA is used to measure the S21 scattering parameter, which characterises the UWB
channel. However, in order to perform such a measurement correctly and accurately,
prior calibration of the system is necessary.
The calibration process can be defined as the reduction of the effects from the
measurement magnitude and or phase response in the reflected and transmitted signal
1

due to the measurement device and or the termination and cabling of the measurement
device. This includes moving the time reference points to the termination of the cabling
that will be connected to the Device Under Test (DUT). A consequence of such a
calibration process is that the time reference point is shifted from the VNA’s
termination ports to the end of each connected coaxial cable which are attached to port1
and port2 of the VNA [8]. This calibration process ensures that the delay profile
obtained by using the Inverse Fast Fourier Transform (IFFT) of the channel spectra only
originates from the terminations of the antennas and the UWB radio channels [10]. The
calibration process plays an important role in improving the channel measurements,
such as decreasing the effects of the instrument, lossy coaxial cables and adapters on the
measured UWB channels.
On the other hand, Nakahata et al [48] used a threshold of 30 dB and 20 dB below the
strongest path in order to avoid the effect of noise on the arrival time of the multipath in
cases of LOS and NLOS, respectively. They also did not mention the value of the IF
bandwidth. Hong et al [40] measured the UWB channel in an offshore oil platform and
used an IF bandwidth of 3 kHz in their measurements and a threshold of 30 dB below
the strongest path to avoid the effect of noise on the arrival time of multipath rays.
The literature indicates that the noise energy varies over the time and frequency
band and the UWB signals are affected by the environmental noise. The Ultra
Wideband Noise is composed of thermal noise and the other interference narrowband
signals such as radar signals and communication signals. In UWB applications, some
practical approaches improvement when using the UWB radar signal performance when
it does not correlate with the UWB noise to avoid any interference and unwanted signal
at the receiver. While radar signals will affect measurements, they are not normally
encountered outside of aviation [60].
UWB technology has been used for accurate indoor localization applications [1-3, 6, 30].
There have been many studies of UWB radio channel measurements in order to study
the channel characteristics [9, 12, 31-41] in various environments and scenarios.
Hovinen et al [9] kept the indoor environment as static as possible during their UWB
channel measurements. Chiu et al [35] did not identify whether the passenger moved at
all during measurement or not. Schack et al [29, 42] they investigated the influence of
various scenarios in a car occupied by four persons and in empty cars on the UWB radio
2

propagation channels and discussed the passenger influence on the measured channels.
However, they did not mention whether the passengers were in a stationary or nonstationary situation. They also indicated that the measurements were performed with
calibration of VNA – ZVC over the frequency range of 3 GHz to 8 GHz. The UWB
channel measurements were kept stationary by ensuring that there was no movement of
people inside the measurement environments in [12, 35, 38, 43-47]. Although Rissafi et
al [46], demonstrated that the measurements were in a near static environment, it is not
clear whether the environment was stationary. Abbasi et al and Bellens et al in [33, 34]
measured non-stationary UWB radio channels. So the channels were time-variant and
were affected by the movement of people. The authors of a range of works [6, 32, 36,
37, 40, 41, 48-55] did not identify whether measurements were performed in stationary
or non-stationary environments, and the authors of another collection of research papers
[6, 31-33, 36-40, 43-46, 48, 49, 51-58] did not mention the value of the Intermediate
Frequency (IF) Bandwidths which were used. The IF bandwidth is a very important
parameter since it results in an increase or a decrease in the noise level of the system
and time measurement sweeping, as well as determining the threshold of the strongest
path.
Levitas et al [59] undertook a study which measured the wireless channel in order
to detect the presence and measure the amount of adulteration of diesel and gasoline
with kerosene, using typical UWB sensor components. They also do not identify
whether the measurements were taken in stationary or non-stationary environments.
Nkakanou et al [44] use a threshold of 25 dB below the strongest path for cases of Lineof-Sight (LOS) and Non-Line-of-Sight (NLOS) in order to measure the power delay in
the arrival time of resolved multipath electromagnetic rays.
Although a correct calibration process of the measurement setup is a priority for
accurate measurement of the channel properties, such calibration methods for UWB
channel measurements are very seldom stated in published work.
The indoor UWB channels have been measured by many authors [6, 9, 10, 12, 14, 29,
38, 42, 43, 46, 57, 58, 61]. However, although these authors have used a calibration
process in their measurements, they neither provide a justified procedure of how the
calibration process was implemented, nor which calibration process is most appropriate
for UWB wireless communication channel measurement. Hovinen et al and Hämäläinen
3

et al in [9, 10] have reportedly calibrated the VNA, in presence of cables and adaptors.
For their studies, the reported time delay of the measured channel impulse response was
approximately 60 ns. Interestingly, this is significantly higher than the time delay
measurement results we have made for our calibration setup. Siamarou et al [13] have
used through connector as calibration standard in their calibration process. The
approach of their calibration process was intended for measuring the transfer functions
of the channels inside an anechoic chamber. The measurement data was stored and used
to normalize their experimental results. For the sake of improving signal to noise ratio,
Roqueta et al [62] proposed a calibration method that consisted of the subtraction of
two different measurement scenarios. This is an insufficient calibration technique
because the channel measurements will still be affected by the noise associated with
lossy cables, adaptors and the VNA itself. Denis et al [61] measured the UWB channels
in the time domain calibrated by performing a measurement as a reference in an
anechoic chamber room. Schack et al in [29, 42] indicated that the measurements were
performed with calibration of VNA – ZVC over frequency range of three to eight
gigahertz. However, they did not support this work by providing any evidence of using
a calibration procedure. Hämäläinen et al in [6], stated that, the effects of the cables,
low-noise amplifier (LNA), transmitting and receiving antennas had been removed by
the calibration system. Others prior to measurements, have relied on the calibration
technique of the equipment vendor to reduce the effect of equipment and cables on
measured UWB channels in [12, 46]. Another group of researchers [43, 57, 58] have
calibrated the measurements device and cables in order to measure undistorted UWB
radio channel. Santos et al and Sipal et al in [47],[53] have used Through (TRU)
calibration process to eliminate the effects of cables and equipment on the measured
data. Whilst Sörgel et al [54] have alternatively relied on transmission reflection load
(TRL) calibration technique in their measurements. Furthermore, Chiu et al in [35]
have performed a through-line calibration technique to remove the effects of the VNA
and associated cables on the measured frequency response. Whereas this was useful,
they do not indicate how the calibration was achieved, nor do they provide the reasons
for the adopted calibration technique. Other researchers have measured certain UWB
channels, however they have not explained whether a calibration process was in fact
used at all [15, 31-34, 36, 37, 41, 44, 45, 48, 49, 63].

4

Muqaibel et al and Bories et al in [51, 64] applied a calibration model after all
measurements had been taken by the VNA. They measured the frequency domain of
UWB channels without calibration and applied calibration in the post processing [64].
They used the calibration and post processing in their measurements [51]. As a result
their measured data must have been impacted by equipment and other cabling used in
measurements setup.
The coaxial cable can be considered as a Transmission line which is needed to
convey the microwave and RF energy from one point to another with minimization of
loss during the transmission. The UWB technology has been used for accurate indoor
localization applications [1-3, 6, 30]. Previous UWB radio channel measurements and
analysis of measured data to study the channel characteristics have been done by many
authors in different environments and scenarios by using a Vector Network Analyzer
(VNA) [29, 37, 38, 40, 42, 44-48, 51, 53, 57, 59]. The wireless UWB radio channels
measured by VNA needs to be calibrated to decrease the effect of the measurements
instrument on the channels [12]. A correct calibration process of the measurement setup
is necessary for accurate measurement of wireless channels. A VNA can be defined as
an instrument that can measure the channel parameters (S-parameters) of physical
wireless networks, such as phase and amplitude properties of the wireless channels.
Two calibration processes were presented of the instrument together with coaxial
cables and adapters that are used to measure the UWB radio channels. Several
measurements have been obtained with and without the implementation of the proposed
calibration procedures by measuring the transfer function of UWB channels and coaxial
cable using a frequency domain technique to determine the most appropriate calibration
process for wireless UWB channels. All measurements have been performed inside the
Telecommunication Laboratory of the School of Electrical, Computer and
Telecommunications Engineering at University of Wollongong, Australia.
UWB (Ultra Wide Band) systems are used in proposals for short distance high speed
telecommunications access. UWB channels are characterised by means of the use of
vector network analyzer (VNA). Such characterisations are typically done in a
laboratory or an office. Very few studies look at the effect of the substances between the
transmitter and receiving antennas on the frequency response of the channel. In this
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thesis we propose also to examine the effect of various gases and substances between
the transmitter and receiving antenna in an UWB communication system.
It has been recognised for many decades that microwave links are affected by the
presence of rainfall, with large fading resulting in higher Bit Error Rates (BER) across
microwave links [18, 19]. This is especially the case above 10 GHz. It is also a well
established scientific technique to use radio frequency absorption to identify different
chemical compounds in gaseous solutions. This is especially the case for Infrared
radiation which has a higher frequency (and very short wavelength) than radio waves
which has been used to track various substances [20-22]. Studies exist which have
tracked plumes using visual identifiers [23] and studies have been performed using a
VNA to study the dielectric properties of solid materials such as agriculture waste
products mixed together using various chemical resins [24].
Many of the spectrally efficient techniques for radio frequency communication try to
identify by measurement the frequency spectrum at various epochs in time and use
those spectra which are not experiencing a frequency fade one example is Orthogonal
frequency division multiple access (OFDMA) cellular systems where the best frequency
slots not currently experiencing frequency fading are chosen for transmission. Different
techniques have been used to identify gaseous plumes for example the effect of fires on
various radio frequencies [25] and measurements of rocket plumes [26-28]. But very
few studies have performed a comprehensive study over the usable radio frequency
spectrum.
Several authors have looked at the effects of including bodies in the presence of the
channel characterization. For example, one such study looks at the presence of one or
more persons in a car in the presence of an UWB signal [29]. Also, such studies have
included the use of UWB for indoor localization applications [1-3, 6, 30]. In a sense,
such studies are looking at the effect of water in the environment as the human body is
made up of approximately 60% of water. Other studies have looked at the effect of
different substances between the transmitting and receiving UWB antennas [20-22].
These studies recognize that the transmission medium has an effect on the UWB signal.
It is well-known that water droplets affect wireless communications especially at the
very high frequencies (gigahertz and above) [18, 19]. It is thus also possible that radio
frequencies may be affected by different substances and gases in the environment. This
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research proposes a technique that may be used at higher frequencies in the microwave
range to identify different gases between the transmitting and receiving antennas. Some
preliminary results for various gases are then provided. We next outline the
methodology used in the subsequent study of the effects of channel medium on
measured channel characteristics in Ultra Wideband. Some initial results were obtained
and provided for the measured channels and shows curves of best fit as well as
observations between each individual channel snapshot (in terms of frequency response).
Redfield et al [57] presented a statistical model of UWB channel measurements within a
computer chassis and derived their channel impulse response parameters. Also, the
electromagnetic interference was measured inside a computer chassis, and was included
in their calibration of the device used to measure the radio channel with connecting
cables, in order to measure the undistorted UWB radio channel. The characterization of
wireless UWB radio propagation channel measurements were investigated in the
environment of an underground mine by Rissafi et al [46]. The data was measured in
the frequency range of 3 GHz to 8 GHz. Omnidirectional and directional antennas were
used in measurements to see their effects on the path loss propagation components.
Before the measurements, they used the equipment calibration technique to reduce the
effect of equipment and cables on the measured UWB channels [46]. Whereas Schack et
al [29] have measured and compared UWB channel measurements inside three different
car types within the same frequency range. In addition, the fundamental features of
these channels in small and large scale fading were obtained for different scenarios such
as occupied and empty car and different physical positions of transmitting
antennas.Their measured data were performed in case of LOS and NLOS for occupied
and empty car.
Gelabert et al [37] proposed a novel concept and understanding of wireless channel
measurements in a small electrical enclosure. This study was conducted by using a PC
case as a measurement environment scenario. They have also obtained and analyzed
Ricean K factor and UWB channel capacity from the measured data. Nakahata et al [48],
the UWB radio propagation channels were measured and investigated inside two types
of vehicles, one box and sedan. They have also considered the effect of passengers on
measured channels in case of LOS and NLOS scenarios. Nkakanou et al [44] have
measured wireless UWB radio propagation channels in underground mining
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environment within frequency range of 3 GHz to 10GHz and obtained experimental
characterization of these channels such as path loss exponent and coherence bandwidth.
The LOS and NLOS measurements were considered at two levels of corridor depth (40
m and 70 m).
UWB channel measurements were performed in an underground mine to obtain
experimental characterization results for both small and large scale channel parameters
such as coherence bandwidth, path loss exponent and UWB channel capacity [45]. All
measurements have been obtained in the frequency range of 3 GHZ to 10 GHz and have
taken LOS and NLOS scenarios in their measurements. Santos et al [47] have presented
outdoor wireless UWB channel propagation measurements in gas station and provided a
novel scatter detection method that is suitable for outdoor wireless UWB channel
measurements. This method consists of a high resolution algorithm which identifies the
scatters that give multipath components. A measured UWB channel transfer functions
were used as input to the scatters detection method to get Detected Scatters at the output.
All measurements have used a VNA to measure channel transfer frequency response
within frequency range of 3.1- 10.6 GHz.
The UWB channel characterization parameters and modelling of wireless UWB
propagation channel measurements are reported in case of NLOS scenarios in an
environment of underground mine over the frequency range 3-10 GHz by Ghaddar et al
[38]. Directional and Omni-directional antennas were used in these measurements to see
their influence on the measured channel coefficients [53]. Sipal, et. al. in [30] have
presented the frequency- selective fading based on the wireless UWB radio channels in
confined environments such as rooms. They provided a relationship between the
severity of fading, the size of the environment and analysis of such systems. All
measurements have been performed by using a VNA over the frequency range 3-20
GHz.
Elmansouri et al in [31], have examined the UWB radio propagation through typical
building construction materials and their impacts on the measured wireless UWB
channels in indoor environment. In their investigation ten construction materials were
considered: drywall, ply wall, structure wall, wooden door, glass; brick wall, concrete
block wall, styrofoam, office cloth partition and reinforced concrete wall were
considered. They have measured the channel transfer function by using the VNA over
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the frequency range 1-12 GHz. We used VNA-ZVC for UWB indoor measurements to
measure complex transfer functions of UWB channel over frequency band of 300 MHz
to 8 GHz for all our thesis study [7, 65-70].
Previous studies have shown that gases, solids and liquids affect the electromagnetic
wireless channel coefficients measured at individual frequencies [24, 25, 27, 65, 68, 7174] [1-10]. Vector Network Analyzers (VNA) is used with antennas to measure the
individual complex wireless channel coefficients at a range of frequencies. This is
accomplished after the system has been calibrated for the effects of the antenna cabling
using the TRL calibration technique [65] and the noise level of the system was
decreased [7, 70]. A broadband microwave gas sensor was proposed by the authors in
[74] using a VNA in the frequency range 0.015 GHz to 3 GHz for absorption of a metal
oxide substrate connected to a coaxial line to detect changes in the sensor. This is a
generic technique which uses the S11 S-parameter measurements of the VNA. In our
study, we measure the S21 S-parameter measurements of the VNA for the wireless
complex channel coefficients. Gripp et al. [10] investigated microwave spectrum of
carbon dioxide (CO2) at different frequencies in room temperature. This Thesis outlines
the wireless channel measurements using single calibration and multiple baseline
measurements, which allows for the detection of CO2 in a rubber tube. These
measurements were conducted using a length of gas-filled rubber tubing supported
around a section of PVC pipe, yielding significant magnitude differences between cases
where the gas in the rubber tubing was 100% carbon dioxide, compared with baseline
measurements of pure nitrogen.
Also some previous studies have shown that gases, solids and liquids affect the
electromagnetic wireless channel coefficients measured at individual frequencies [24-27,
68, 71, 72, 75]. Vector Network Analyzers (VNA) are used with antennas to measure a
range of complex wireless channel coefficients at many different frequencies. This is
accomplished after the system has been calibrated for the effects of the antenna cabling
using the TRL calibration technique [65].
Methane is detectable using Infrared sources and very sensitive equipment, which
require expensive sensors [76]. It would be advantageous to use lower frequencies to
measure the presence or absence of methane below concentration levels of 5%, where
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explosions can occur. Such a system would have lower production costs, using
microwave frequencies compared to the infrared-based system.
Maryott et al. investigated the microwave absorption of methane, inconclusively,
using equipment in the 1950’s [73]. These microwave absorption measurements are
difference to the measurement of complex wireless channel coefficients measurement
provided by the VNA. In addition, the measurements described in this study were
obtained at pressures close to one atmosphere, a humidity of 69% and temperature
varying between 24-25 degrees inside a laboratory. Microwave absorption of methane
gas was identified in the atmospheres of the outer planets by Maryott et al. [73]. The
authors also suggested that the small dipole moment of methane provides stronger
transitions over the microwave frequency range at atmospheric temperature. In our
paper on methane, Table 1 shows the line intensities and spectral line position for
frequency absorption in the atmosphere of the outer planet at temperatures of 134°K as
observed by Maryott et al. in [73].
Methane gas is an important greenhouse gas which is emitted around the world and
recently increased by industry and agriculture sources [77]. We introduce a new
technique to estimate and detect methane gas using UWB channel measurements, a
technique which could be used in the mining industry. This study is novel as no study
has been found which investigates the detection of methane gas over UWB frequency
band using a VNA [67].
The technique we proposed, takes advantage of the large number of frequencies which
an UWB signal occupies. This potentially provides a non-destructive technique to
identify various substances in the wireless medium between the two UWB antennas
[68].
Carbon dioxide and Methane are well known green house gases that essentially affect
the environment. In our previous work, we studied the measurement of UWB Channel
Coefficients through Carbon Dioxide in a Multipath Environment were conducted using
apparatus consisting of a rubberised tube (6mm diameter) connected to a source of CO2
or Nitrogen (N2) [66]. The multipath swept radiation in the UWB channel induces a
process similar to Collision Induced Absorption (CIA) in CO2 [78]. A Vector Network
Analyser (VNA) using two identical directional antennas was used to measure the
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channel coefficients over UWB frequency spans of 300 MHz to 8 GHz and 1GHz to 2
GHz. Significant magnitude differences between the baseline condition and that of CO2
were observed. We found that the same signature of difference curves over the same
frequency spans for different measurements snapshots. The shape of the frequency
spectrum was consistent across multiple measurements for the same frequency span
[66].
UWB Coefficient Measurements for Detecting Methane Gas in a Multipath
Environment were conducted and an investigation was performed into the effect of a
non-explosive methane gas mixture on various UWB Channel Coefficients [67]. The
wireless channel coefficients were measured over the UWB frequency span of 300 MHz
to 8GHz. Magnitude differences were taken between the baseline condition (tube
flushed out with Nitrogen) and those containing the methane mixture. It was found that
consistent and repeatable experiments produced the same trend of differences over the
same frequency span. A system based on this approach could thus be used as a simple
sensor to detect the accumulation of methane gas in an environment well before it
becomes explosive at around a concentration of 4% [67].
Various technologies have been used to classify crude oil, including optical sensors [79,
80]. Optical sensors have been used for the exploration of oil and gas by introducing a
distributed optical sensor and down hole optical spectroscopy device to measure surface
characteristics of the remaining reserves of oil and gas [80]. This was done by
introducing a distributed optical sensing and down hole optical spectroscopy and it
provides unique measurements for exploration of gas and oil. The most common fluids
included Hydrocarbon and water in oil and gas of types of light oil, medium oil and
heavy oil. All these oils have exponentially increasing absorption toward shorter
wavelengths. Microwave heating technology is also used to classify gas and oil over a
broader frequency range 100 MHz to 8 GHz [81]. Measurement of dielectric properties
of heavy oils was presented by Porch et al [82] using a coaxial probe technique over the
frequency range of 100 MHz to 8 GHZ. Levitas et al [59] used UWB radar to detect fuel
quality using a measurement setup of two UWB antennas, UWB sampling receiver and
an ultrashot monocycle pulse transmitter. Some characteristics, like adulteration
(adulteration of gasoline and high speed diesel with kerosene), were detected using
frequency domain analysis. They established a typical UWB sensor component in their
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measurements by using one horn to transmit sub-nano second UWB pulses and the
other horn antenna to receive a reflected signal from the oil samples [59]. Their UWB
operating frequency was from 3.1 GHz to 10.6 GHz. The percentage of adulteration of
gasoline and diesel were increased in steps from 1% to 12%. By using analysis of time
of flight, the adulteration of gasoline was detected. This is similar to our work but we
use a new approach to this problem, by using a VNA and directional UWB antennas.
Oloumi & Rambabu [83] conducted a study of UWB technology and characteristics of
heavy oil reservoir conditions to acquire real information about the oil reservoir
structures. Various scenarios of the measurement and simulation were considered by
using different UWB antennas such as TEM horn and miniaturised Vivaldi antennas.
Savazzi & Spagnolin [84] used UWB wireless sensors networks to explore oil and gas
by introducing a new challenging research area for the wireless community by using
basic principles of the seismic acquisition system that are needed to define the wireless
geophone network specification.
Weiss et al [85] used the Frequency Step Continuous Wave (FSCW) Radar to measure a
liquid quantity in a storage tank, such as the level of liquid surface in the storage tank.
The authors also detected a second level of the storage tank such as water level in a
petrol tank. Their measurement frequency was in the range of 1.5GHz to 3.5GHZ.
Aldhaeebi et al [86] used UWB technology by proposing UWB Vivaldi antenna for
radio frequency identification (RFID) systems for underground oil industry application.
The frequency range of their simulated and measured channel coefficients parameters
were from 500MHz to 6GHz.
Volodin et al [87] investigated a variety of samples of crude oil using a high frequency
wideband spectrum of 94 GHz with the electron paramagnetic resonance (EPR)
technique to provide a new method of quality control for different types of crude oil.
The authors chose the ratio of the integral intensity of low field EPR component of
vanadyl complexes to the free radical line to classify each sample. It was found that the
different types of crude oil can be distinguished by this ratio and that the radical’s
vanadyl-ions components of crude oils can be detected and resolved by the EPR
technique [87]. We show in our work on crude oils how to classify various substances
using UWB channel complex coefficients. These coefficients will be used in our work
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to detect a variety of different samples of crude oils and ocean water. This classification
will be performed by K-NN [69].
The K-NN is one of the most popular algorithms for classification. This is due to its
good performance when data is significantly different; the algorithm for (K-NN) is
simple so that it saves all stored data and classifies a new input data based on similarity
measuring. The algorithm is used to classify data by a majority vote of its neighbours. It
has been used successfully for classification problems for data mining. For example, KNN has been used to identify different glass types [88]. Jabbar et al [89] used K-NN to
classify medical data on heart disease based on known measured parameters and in this
case it provided an optimal solution. Their results showed that K-NN gives a better
enhancement of accuracy in medical of diagnosis of health disease issues. Alshabo et al
[69] to classify our measured data, the K-nearest neighbours (K-NN) classification
algorithm was used.
This research involves the measurements and analysis of the UWB Radio Propagation
Channels in the presence and absence of various substances (liquids and gases) between
the transmitting and receiving antennas using LOS. The substances studied include
methane, carbon dioxide (CO2), ocean water and two distinct types of crude oil. This
technology allows us to detect the presence of substances / materials through the UWB
radio propagation channels using channel characteristic coefficients. The hypothesis
under study in this thesis is whether we identify these variuos liquids and gases under
controlled laboratory environments in the presence of multipath. The series of
publications on UWB wireless measurements show that we can identify different
substances in the UWB channel with a very high degree of certainty.
Also, in this research, three different substances were subject to measurement crude oil
type A, crude oil type B and ocean water, in both 5 litre and 10 litre PVC containers as
device under test (DUT) between the UWB transmitting and receiving antennas
connected to the VNA to the UWB forward propagation channel and antenna
connectors. These samples of crude oil A and B were extracted from different oilfields.
Ocean water has been investigated just to provide a vastly different substance. All
measurement was conducted at room temperature. We then trained the K-NN classifier
with a snapshot of crude oil A, crude oil B and ocean water. The remaining data were
used as the sample data set to predict the DUT depicted by each frequency trace. The
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findings of this research demonstrate a novel technique that can classify and detect
between various substances in two volumes of crude oil and ocean water. It does this in
a low cost, non contact wireless method [69]. The outcome of this research is outlined
in the following paragraphs.

1.2 Research Objectives
The prime objectives of this work are to produce a novel technique that can detect
different substances based on wireless channel coefficients measurements to achieve a
non- destructive technology target. This target is achieved through:


Producing a initial model based on experimental measurements to show how
UWB channel could detect different substances Carbon Doxide, Nitrogen and
Engine Oil.



Analysing the UWB noise channels in different indoor environment in order to
validate the UWB radio channel measurements. We are particularly interested in
techniques which decrease the noise level of the system, by choosing parameters
such as intermediate frequency (IF) Bandwidth which allows the UWB channel
calibration noise floor to be improved when using accurate parameters for
measurements setup.



Proposing a suitable calibration methods for Ultra Wide Band communication
channel measurements



Proposing a new technology to detect greenhouse gases of Carbon Dioxide and
methane over short distances. This technology involved a UWB radio
propagation channels between transmitting and receiving antennas.



Applying UWB technology to three different substances were subject to
measurement crude oil type A, crude oil type B and ocean water, in both 5 litre
and 10 litre PVC containers as device under test (DUT) between the UWB
transmitting and receiving antennas connected to the VNA to the UWB forward
propagation channel and antenna connectors. These samples of crude oil A and
B were extracted from different oilfields. Ocean water has been investigated just
to provide a vastly different substance. Then K-NN (K Nearest Neighbour) was
implemented to classify these various substances.
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1.3 Research Outcomes
The research approaches to achieve the research objectives in the previous section are
briefly described in the following paragraphs.
An indoor UWB channels were examined by measuring their noise in different indoor
environments. All measurements are done using a VNA which allows us to measure the
noise channel transfer functions. Two calibration methods are investigated to determine
the most suitable approach for UWB communication channel measurements. The
Through, Open, Short and Match (TOSM) and Through, Reflection and Load (TRL)
calibration techniques. The presented experimental results show that the TRL
calibration process is more precise for the calibration of coaxial cables and the UWB
channel as clearly seen by increased magnitudes of the channel transfer function.
The noise power of the system is decreased by increasing the intermediate frequency (IF)
bandwidth which leads to an increase in time taken to perform measurements of the
channels. The environmental noise power has been measured and it is found that it
decreased when enclosed in a Faraday cage (steel shed), which forms an intense
multipath measurement environment.
UWB Channel measurements were proposed to detect the presence of different
substances (Carbon Dioxide, Nitrogen and engine oil) between the antennas. This
technique takes advantage of the large number of frequencies which an Ultra Wideband
signal occupies. The differences in channel magnitude frequency responses were used
when in the presence of different substances between the transmitting and receiving
UWB antennas. These magnitudes were affected by different gases and seemed to
produce repeatable results. This leads to formation of the hypothesis question for this
series of experimental studies.
UWB Channel measurements through carbon dioxide, Methane and Nitrogen gases
were conducted. It was found that there was a significant characteristic signature over
discrete frequency values when taking baseline differences to Nitrogen. Methane has a
higher characteristic signature over a large segment of discrete frequencies and how this
related to values from the line intensities and spectral line position for frequency
absorption studies. It further confirms that a signature trace for methane gases when
taking baseline differences to Nitrogen.
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Finally, a new application of the K-NN (K Nearest Neighbour) was implemented to
classify various substances (Crude oil type A, Crude Oil type B and Ocean Water) using
measured UWB channel complex coefficients over various frequency ranges between
300 MHz to 8 GHZ. We found that we can detect with high accuracy these substances
and different volumes of the substances physically present in the UWB wireless
channels.

1.4 The Outline of Thesis
The contents of remaining chapters are briefly described as following.
Chapter 2 presents the noise affects in making measurements in various wireless
environments. And it illustrates the important of calibration and its effect on measured
noise before measuring ultra wideband (UWB) channel frequency responses, the UWB
channels need to be validated by decreasing the affect of the noise of the system on
these channels to get measured UWB channels less affected by errors in measurement
that results. In this chapter, the ultra wideband (UWB) noise channels in different
indoor environments have been analysed. All measurements are done using a vector
network analysed (VNA) which allows us to measure the noise channel transfer
functions. It has been found that, the noise power of the system is decreased by
increasing the intermediate frequency (IF) bandwidth which leads to an increase in time
taken to perform measurements of the channels. The environmental noise power has
been measured and found that it decreased when enclosed in a Faraday cage (steel shed),
within an intense multipath measurement environment. Also, the Environmental noise
decreases slightly by using the LPDA antenna compared to using the Teardrop and
Horn antennas. Our results show that the Horn antenna is less suitable for UWB channel
measurements compared to the LPDA directional antennas because of lower S11(Return
Loss) values. While for omnidirectional antennas, the Teardrop antenna is much more
suitable than the monocone antennas for UWB measurements (due to lower S11 values)
and decreases the Environmental noise power. As secondary application, we show how
a frequency detection device can be used to re-adjust a maladjusted frequency selection
on a remote controller for a garage door, in presence of environmental noise power.
The content of chapter 2 was published in 1st international Conference Electrical
Engineering, Computer science and informatics,2014 and in Telecommunication,
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Computing, Electronics and Control Engineering Journal (TELKOMNIKA), vol. 13,
2015.
Chapter 3 addresses the problem of calibration for the wireless channel and proposes a
novel calibration technique. Ultra wideband channel calibration is a part of our
measurement set-up and it is required before measuring frequency response of these
channels to eliminate the affect of the cables, connectors and adaptors on the measured
data of frequency response. This chapter investigates two calibration methods to
determine the most suitable approach for ultra-wide band (UWB) communication
channel measurements. The first method is the Through, Open, Short and Match
(TOSM) calibration technique. The second method is Through, Reflection and Load
(TRL) calibration technique. Presented experiment results show that the TRL
calibration process is more precise for calibration of coaxial cables and the UWB
channel as clearly seen by increased magnitudes of the channel transfer function. It is
also shown that the proposed TRL technique leads to an improved larger measured
RMS value and that the measured magnitude transfer function of the wireless channel is
increased by an absolute value of approximately 5dB after calibration compared with
results achieved when TOSM technique is used. In the chapter, it is also shown that the
time delay associated with test equipment of the UWB channel measurement can be
equally well removed by using either the TRL or TOSM calibration techniques.
The content of chapter 3 was published in the Australian Journal of Electrical and
Electronics Engineering, vol. 11, pp. 347-356, 2014.
Chapter 4 analysis measured traces and how these traces were affected by different
gases and seemed to produce repeatable results. This leads to formation of the
hypothesis question for this series of study. Preliminary results of UWB channel
coefficients have been conducted and investigated through different gases and refined
engine oil. We proposed doing these using Ultra Wideband Channel measurements to
detect the presence of different substances between the antennas. This technique takes
advantage of the large number of frequencies which an Ultra Wideband signal occupies.
We proposed two methods to detect differences in channel magnitude frequency
responses when in the presence of different substances between the transmitting and
receiving UWB antennas. We then take preliminary measurements and fit a curve of
best fit to the processed data. The preliminary results indicate that this technique may be
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able to be used in conjunction with data mining techniques to detect the presence of
different substances between the antennas. This potentially provides a non-destructive
technique to measure different substances in the wireless medium between the two
UWB antennas.
The content of chapter 4 was published in 6th International Conference in Signal
Processing and Communication Systems (ICSPCS), pp. 1-7, 2012
Chapter 5 presents how the carbon dioxide and methane gases have a characteristic
signature over discrete frequency values when taking baseline differences to Nitrogen.
Ultra wideband Channel Coefficients through Carbon Dioxide and methane gases have
been measured and investigated in a Multipath Environment. It has been reported that
an investigation into the effect of Carbon Dioxide (CO2) and methane gases on various
Ultra Wide Band Channel Coefficients. All measurements were conducted using
apparatus consisting of a rubberised tube (6mm diameter) connected to a source of CO2
and methane or Nitrogen (N2). For support, the rubberised tube was wrapped twice
around a PVC pipe (160mm diameter). The rubberised tube was flushed with 100%
CO2 and 2.57% methane several times before being sealed in the tube at atmospheric
pressure. In-between measurement trials, removal of CO2 or methane ware achieved by
flushing with pure nitrogen. A Vector Network Analyser (VNA) using two identical
directional antennas, with the wrapped section of tubing placed in-between, measured
the channel coefficients for CO2 over Ultra Wide Band frequency spans of (0.3-8) GHz
and (1-2) GHz. And over the frequency spans of (0.3-8) GHz for methane. Significant
magnitude differences between the baseline condition and that of CO2 were observed. It
has been found that the same signature of difference curves occur over the same
frequency spans for different measurements. Difference shape in the frequency band of
(1 to 2) GHz is the same as that measured difference over 1 to 2 GHz in entire
frequency band of 300MHz to 8GHz for the measured channel coefficients. Magnitude
differences were taken between the baseline condition (tube flushed out with Nitrogen)
and alternatively containing the methane mixture. It was found that consistent and
repeatable experiments produced the same trend of differences over the same frequency
span. This system based on this approach could thus be used as a simple sensor to detect
the accumulation of methane gas in an environment well before it becomes explosive at
around a concentration of 5%.
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The content of chapter 5 was published in Microwave and Optical Technology Letters,
vol. 58, pp. 1543-1546, 2016. And in Australian Journal of Electrical and Electronics
Engineering, vol. 13, pp. 195-199, 2017. And awarded grant of $100000 from
Excellerate Australia Grant Program – PhD Student Industry Placement, 2017.
Chapter 6 introduces a new application of K nearest neighbour (K-NN) and applies it
to detect of three substances (Crude oil type A, Crude Oil type B and Ocean Water).
This shows again a characteristic signature and that using K-NN we can detect with
high accuracy the substance and volume of the substance present in the UWB wireless
channel which confirms the hypothesis presented in this introduction. K-NN was
implemented to classify various substances using measured ultra wideband (UWB)
channel complex coefficients. Measurements of UWB channel coefficients were
conducted for two types of crude oil and ocean water, independently contained within 5
and 10 litre PVC containers, leading to a total of six substance-filled samples to be
evaluated. These containers were located as the device under test (DUT) between
directional transmitting and receiving ultra wideband antennas and were both connected
via the Vector Network Analyser to measure their channel frequency responses over
frequency bands of 300 MHz to 8 GHz. Magnitude differences were subsequently taken
between the various baselines (empty 5 and 10 litre PVC containers) and filled
containers of the crude oil types (denoted A and B) or ocean water. Random noise was
also subsequently added to this data to test the robustness of the classification method.
After applying K-NN to the collected data it was found that our classification results
were 100% for the sets of 5-litre and 10-litre crude oil samples but reduced to 56.66%
and 60.66% when the random noise with standard deviations of 1 was added to the
recorded data. Further, if volumes and substances are considered as increasing the DUT
from 3 to 6, we found that we could correctly identify 96.5% of these substances and
their volumes in the measurements. Hence, our technique can reliably classify diverse
substances (certainly, different types of crude oil) as well as, clear ocean water, when a
sufficient volume of 5 to 10 litres exists between the antennas.
The content of chapter 7 was submitted to Australian Journal of Electrical and
Electronics Engineering, 2018.
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Chapter 2
Ultra Wideband Channel Validation

Abstract
This chapter analyzes the measurement of ultra wideband (UWB) noise channels in
different indoor environments. All measurements are done using a vector network
analyzer (VNA) which allows us to measure the noise channel transfer functions. We
find that the noise power of the system is decreased by increasing the intermediate
frequency (IF) bandwidth which leads to an increase in time taken to perform
measurements of the channels. The environmental noise power been measured and find
that it decreased when enclosed in a Faraday cage (steel shed), within an intense
multipath measurement environment. Also, the Environmental noise decreases slightly
by using the LPDA antenna compared to using the Teardrop and Horn antennas. Our
results show that the Horn antenna is less suitable for UWB channel measurements
compared to the LPDA directional antennas because of lower S11 (Return Loss) values.
While for omnidirectional antennas, the Teardrop antenna is much more suitable than
the monocone antennas for UWB measurements (due to lower S11 values) and
decreases the Environmental noise power. As secondary application, we show how a
frequency detection device can be used to re-adjust a maladjusted frequency selection
on a remote controller for a garage door, in presence of environmental noise power.

2.1 Introduction
Many researchers have studied and reported on various Ultra Wideband (UWB)
Communication Systems. UWB radio techniques allow low power data transmission
over an extremely wide range of bandwidth in the indoor environment [1],[2]. Accurate
characterization of UWB channel propagation is essential to many communication
systems [3],[4]. In order to validate the UWB radio channel measurements, the
following three factors need to be investigated: the noise level of the system, the light
inside the measurement environment and the environmental noise power.
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An indoor UWB channels were examined and investigated. So we are particularly
interested in techniques which decrease the noise level of the system, by choosing
parameters such as intermediate frequency (IF) Bandwidth which allows the UWB
channel calibration noise floor to be improved when using the Through / Reflection /
Line (TRL) calibration technique. These factors can potentially lead to more accurate
measurement of UWB channels. The transfer functions of the UWB channels are
obtained through the frequency domain technique using a vector network analyzer
(VNA). The ZVC-VNA which we used in our measurements has an operating
frequency range of 300 kHz to 8 GHz. We used two identical monocone antennas which
have a frequency range from 1 to 18 GHz and were manufactured by Karlsruhe
University, Germany. The measurement parameters used in these experiments are given
in Table 2.1. Some measurements were obtained in the Communication Systems
Laboratory of the Department of Electrical and Telecommunication Engineering at the
University of Wollongong, Australia. Other measurements were obtained in-situ,
through field study within the confines of a steel garage.

2.2 Related Work
Ultra wideband (UWB) Communications Technology is a new technology which has
emerged in the last twenty years and is used especially for indoor environments. It is
more commonly used for industrial applications such as UWB electromagnetic sensors
and UWB radar applications. UWB technology has been used for accurate indoor
localization applications [3]-[7]. There have been many studies of UWB radio channel
measurements in order to study the channel characteristics [3],[8]-[37] in different
environments and scenarios. A correct calibration process of the measurement setup is
necessary for accurate measurement of wireless channels. A VNA can be defined as an
instrument that can measure the channel parameters (S-parameters) of physical wireless
networks, such as phase and amplitude. In [18] the authors kept the indoor environment
as static as possible during their UWB channel measurements. The authors in [11] did
not identify whether the passenger moved at all during measurement or not. In [32], [33]
they investigated the influence of different scenarios in a car occupied by four persons
and in empty cars on the UWB radio propagation channels and discussed the passenger
influence on the measured channels. However, they did not mention whether the
passengers were in a stationary or non- stationary situation. They also indicated that the
measurements were performed with calibration of VNA – ZVC over frequency the
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range of three to eight gigahertz. The UWB channel measurements were kept stationary
by ensuring that there was no movement of people inside the measurement
environments in [10],[11],[15],[22],[25],[26],[29],[31]. Although the authors in [29],
said that the measurements were in a near static environment, it is not clear whether the
environment was stationary. The authors in [8],[9] measured non-stationary UWB radio
channels. So the channels were time-variant and were affected by the movement of
people. The authors in [3],[12]-[14],[17],[19]-[21], [23],[24],[27],[34],[36],[37] did not
identify whether measurements were performed in stationary or non-stationary
environments. The authors in [3],[8],[12]-[17],[19],[21]-[30],[34]-[37] did not mention
the value of the Intermediate Frequency (IF) Bandwidths which were used. The IF
bandwidth is a very important parameter since it results in an increase or a decrease in
the noise level of the system and time measurement sweeping as well as determining the
threshold of the strongest path.
In [38] they undertook a study which measured the wireless channel in order to detect
the presence and measure the amount of adulteration of diesel and gasoline with
kerosene, using typical UWB sensor components. They also do not identify whether the
measurements were taken in stationary or non-stationary environments. In [26] the
authors use a threshold of 25 dB below the strongest path for cases of LOS and NLOS
in order to measure the power delay

in the arrival time of resolved multipath

electromagnetic rays.
On the other hand, in [24] they used a threshold of 30 dB and 20 dB below the strongest
path in order to avoid the effect of noise on the arrival time of the multipath in cases of
LOS and NLOS, respectively. They also did not mention the value of the intermediate
frequency bandwidth which was set as measurement parameters and this will affect the
noise level of the system. This will also have an effect on the strongest path of the
measured wireless channel. The authors in [17] measured the UWB channel in an
offshore oil platform and used an IF bandwidth of 3 kHz in their measurements and a
threshold of 30 dB below the strongest path to avoid the effect of noise on the arrival
time of multipath rays.
The literature indicates that the noise energy varies over the time and frequency band
and the UWB signals are affected by the environmental noise. The Ultra Wideband
Noise is composed of thermal noise and the other interference narrowband signals such
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as radar signals and communication signals. In UWB applications, some practical
approaches need to be improving the UWB radar signal performance that does not
correlate with the UWB noise to avoid any interference and unwanted signal at the
receiver. While radar signals will affect measurements, they are not normally
encountered outside of aviation [39].

2.3 Measurement Methodology
The UWB channel transfer function can be obtained using a VNA in the frequency
domain. This technique is based on the sweep of frequency points in the frequency
range of the channel. The S- parameter coefficients of the device Under Test (DUT) can
be measured using VNA. The channel frequency response is represented by S21 and the
DUT will be the UWB wireless channel which includes the transmitting and receiving
antennas. In our measurements, we use a two port, Rohde & Schwarz ZVC- vector
network analyzer. This device is shown in Figure 2.1.
Two identical semi-rigid CRA213/V coaxial cables with a length of 2.5 metres and
a frequency range from DC to 18 GHz were used in these measurements. Both cables
are terminated by male 50 Ohm N-Type connectors. Two identical monocone antennas
of the type shown in Figure 2.2 were used in the measurements for this study. The
connection of the measurement set-up is shown in Figure 2.3.

Figure 2.1 The Vector Network Analyzer (VNA).
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Figure 2.2 UWB monocone antenna with ground plane of 100 mm

Table 2.1 Measurement Parameters
Paremeter
Measured Bandwidth
Frequency Points
IF filter Bandwidths
Sweep Time
Transmitting Power
UWB Antennas gain
Antennas Height

Value
300 MHz-8GHz
1601
10kHz,1kHz and 10Hz
272.77s,9.46s and810.49 ms
-10 dBm
0 dBi (typical)
100 cm

Figure 2.3 Measurement set-up
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In all measurements, TRL calibration was used to get accurate measurement
results. Further details of this calibration procedure can be found in [40]. The Log
Periodic Dipole Array (LPDA), Teardrop and Horn antennas have been used to measure
the Environmental Noise and Return loss (S11) of the UWB complex Channel
coefficients. These antennas were manufactured at the University of Wollongong,
Australia. The LPDA and Horn antennas are directional antennas while the Monocone
and Teardrop antennas are omnidirectional antennas and all antennas can operate in the
frequency range of 1GHz to 8GHz. These antennas are shown in Figures (2.4,2.5,2.6)
respectively.

Figure 2.4 UWB LPDA antenna
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Figure 2.5 UWB Horn Antenna

Figure 2.6 UWB Teardrop antenna with ground plane of 100 mm

2.4 Measurement and Analysis and Discussions
2.4.1 The noise power of the device (VNA)
For this chapter, the noise power of the device (VNA) has been measured at 10 kHz, 1
kHz and 10 Hz, as shown in Figure 2.16 where we can see that, decreasing the IF
bandwidth, decreases the noise power. This leads to a corresponding increase in the
time taken to measure the channel (as shown in table 2.1 on sweep time). Experiments
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are also conducted in the presence and absence of fluorescent lighting. Figure 2.17
shows the channel transfer function with the light on and with the light off. Figure 18
shows the absolute value difference between them. It can be clearly seen that the
measured wireless channel is affected slightly by the presence of fluorescent light inside
the measurement environment over the frequency range of 1.5 to 8 GHz.
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Figure 2.7 Noise power of the device (VNA) at 10 kHz, 1kHz and 10 Hz
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Figure 2.8 Measured transfer functions light ON/OFF
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Figure 2.9 Absolute value difference of measured transfer functions light ON/OFF

2.4.2 Environmental Noise Power and Return Loss
In this experiment, the noise powers of the measurement environment are
measured using a VNA in two scenarios, one of which includes the presence of a
fluorescent light source while the other does not. The two measurements are conducted
in the same room in order to determine the effect of light sources on this noise. This
noise is represented by transfer function (S21).We call this noise ‘environmental noise
power’ (ENP) and to measure it, we need to connect port 1 on the VNA to an N-type
match connector and port 2 to the UWB antenna. This leads to receiving only the power
coming from all objects inside the measurement environment. The connection of the
measurement set-up is shown in Figure 2.10. Figure 2.7 shows the environmental noise
in both cases. Figure 8 shows the absolute value difference between the environmental
noise powers. It can be seen clearly that the light has a slight effect on the magnitude of
the S21 scattering parameter in the frequency span of 5-8 GHz. At the other frequencies,
the difference between them is approximately equal to zero. We measured the
Environmental Noise of LPDA and Teardrop antennas by connecting the matched
connector to Port 1 on VNA and the tested antenna on port 2 on the VNA. We measured
S21 Parameter of the wireless channel. We found that, the Environmental noise
decreases slightly when using the LPDA antenna compared to the Teardrop and Horn
antennas. The measured results are shown in Figure (2.11,2.12) respectively.
In case of directional antennas Figure shows that, the LPDA antenna decreases
the Environmental Noise power compared to the Horn directional antenna over the
entire frequency range of 300 MHz to 8GHz. While in an omnidirectional antennas,
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Figure 2.13 shows that, Environmental noise power decreases using the Teardrop
antenna compared to the Monocone antenna.

Figure 2.10 Measurement set-up OF THE Environmental Noise
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Figure 2.11 Measured environmental noise power LPDA and Teardrop antennas.
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Figure 2.12 Measured environmental noise power LPDA and Horn antennas
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Figure 2.13 Measured environmental noise power LPDA and Teardrop antennas.

To measure the Return Loss S11 of the LPDA, Horn, Teardrop and Monocone
antennas, we connected the matched connector to the receiver side (Port 2) on the VNA
and the tested antenna to the Transmitter side (Port 1) on the VNA. The connection of
the measurement set-up is shown in Figure 2.10. In these measurements, we used the
VNA, two identical Semi-rigid cables of length 2.5m each, the number of frequency
points was wet to 201, the transmitted power PTX= -10 dBm, the frequency range was
300MHz to 8GHz and the height of transmit antenna was 80cm. Then we measured S11
from the VNA screen. Figure 2.14 shows the measured Return loss (S11) of the LPDA
and the horn antennas. Comparing the graphs we found that, using the LPDA antenna
the return loss decreases almost by 15 dB over the entire range of frequencies. While
Figure 15 shows that the Return loss decreases more when using the Teardrop antenna
compared to using the Monocone antenna. This means that the Teardrop antenna
decrease Return loss that Monocone antenna.
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Figure 2.14 Measured Return loss of LPDA and Horn antennas.
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We located a steel (colorbond) garage on steel slab-reinforced concrete. This
produced radiation. We then measured the environmental noise inside the steel garage.
This garage is totally made from steel as can be seen in Figure 2.18. This internal
structure provides a multipath intensive environment. The measurement was set by
connecting the N-type match connector to port 1 in the VNA. Figure 2.19 shows the
noise measurement of the garage. By comparing the measurements in Figure 16 and
Figure 19, we can see that the environmental noise is less in the garage than in the
laboratory.
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Figure 2.15 Measured Return loss of Teardrop and Monocone antennas.
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Figure 2.16Measured environmental noise power with / without light
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Figure 2.17 Absolute value difference of measured environmental noise Powers with / without light

Figure 2.18 Steel garage
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Figure 2.19 Environmental noise measured inside the steel garage
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2.4.3 Remote Control of garage Door
We also used the VNA as a signal detector to repair the frequency setting of a
maladjusted remote control garage door operating device by configuring the following
settings on the VNA: start frequency =400 MHz , stop frequency = 500 MHz, number
of frequency points = 1601, IF bandwidth = 10 KHz and transmitted power = -10 dBm.
We connected the match connector to port 1 on the VNA and we connected port 2 to the
UWB antenna. We then turned on the device and measured the transfer function (S21)
of this signal. Figure 2.20 shows the noise power and the measured peak signals of the
defective device at a frequency of 427 MHz. After that, we adjusted the device’s set
frequency point manually and observed the peak signal on the VNA screen until we
attained a peak signal at a frequency of 433 MHz, as shown in Figure 2.21. This was
then tested on the garage door system and found to operate normally. This application
shows how the VNA can be used as a signal detector for a garage door remote control in
the presence of environmental noise power.
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Figure 2.20 Peak signal of defect remote control of garage door
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Figure 2.21 Peak signal of fixed remote control of garage door
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2.5 Conclusion
Based on our measurements and analysis, we conclude that the noise is decreased
by increasing the IF bandwidth. This leads to the need for more time to take channel
measurements. The wireless channels are also shown to be affected by fluorescent light
sources inside the measurement environment over the frequency range between 5 to 8
GHz. We measured the environmental noise inside the measurement environment and
found that fluorescent light sources had a small effect on it. In the steel garage, we
found that the environmental noise decreased significantly compared to the
measurements performed in our laboratories. We also found that, the Environmental
noise decrease slightly by using LPDA antenna compared to the Teardrop and Horn
antennas. Figures 2.14 and 2.15 show that the LPDA antenna is more suitable for the
UWB channel measurements than the Horn directional antennas. While for
omnidirectional antennas, the Teardrop antenna perform better than the monocone
antennas. Based on figures 2.20 and 2.21, the VNA can be used as a detector and to
adjust the frequency of remote control garage door controllers in the presence of
environmental noise. Future work will investigate the effects of the movement of people
inside the measurement environment.
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Chapter 3
Ultra wideband channel calibration

Abstract
In this chapter, two calibration methods are investigated to determine the most suitable
approach for ultra-wide band (UWB) communication channel measurements. The first
method is the Through, Open, Short and Match (TOSM) calibration technique. The
second method is Through, Reflection and Load (TRL) calibration technique. Presented
experiment results show that the TRL calibration process is more precise for calibration
of coaxial cables and the UWB channel as clearly seen by increased magnitudes of the
channel transfer function. It is also shown that the proposed TRL technique leads to an
improved larger measured RMS value and that the measured magnitude transfer
function of the wireless channel is increased by an absolute value of approximately 5
dB after calibration compared with results achieved when TOSM technique is used. In
the paper, it is also shown that the time delay associated with test equipment of the
UWB channel measurement can be equally well removed by using either the TRL or
TOSM calibration techniques.

3.1 Introduction
Ultra wideband (UWB) Communications Technology is a new technology especially,
for indoor environments which has emerged in the last twenty years [1]. It has been
proposed for industrial applications such as UWB electromagnetic sensors [2] and
UWB radar applications [3, 4].
Wireless UWB radio channel parameters can be measured using a Vector Network
Analyzer (VNA) which should be calibrated to decrease the effect of the instrument on
the measured channels [5-13]. Additionally, the UWB technology has been used for
accurate indoor localization applications [14]. The UWB measurement equipment
requires a calibration technique to achieve undistorted UWB radio propagation channels
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[15]. A VNA is defined as an instrument that can measure the channel parameters (Sparameters) of physical wireless networks, such as phase and amplitude properties of
the wireless channels. The Rohde & Schwarz ZVC-VNA, which we used in our
measurements, have an operating frequency range of 300 kHz to 8 GHz [8]. This is used
to measure the S21 scattering parameter, which characterizes the UWB channel.
However, in order to perform such a measurement correctly and accurately, prior
calibration of the system is necessary.
The calibration process can be defined as the reduction of the effects from the
measurement magnitude and or phase response in the reflected and transmitted signal
due to the measurement device and or the termination and cabling of the measurement
device. This includes moving the time reference points to the termination of the cabling
that will be connected to the Device Under Test (DUT). A consequence of such a
calibration process is that the time reference point is shifted from the VNA’s
termination ports to the end of each connected coaxial cable which are attached to port1
and port2 of the VNA [5].
This calibration process ensures that the delay profile obtained by using the Inverse Fast
Fourier Transform (IFFT) of the channel spectra only originates from the terminations
of the antennas and the UWB radio channels [7]. The calibration process plays an
important role in improving the channel measurements, such as decreasing the effects of
the instrument, lossy coaxial cables and adapters on the measured UWB channels.
The main objective of this paper is to present two calibration processes of the
instrument together with coaxial cables and adapters that are used to measure the UWB
radio channels. Several measurements have been taken with and without the
implementation of the proposed calibration procedures by measuring the transfer
function of UWB channels and coaxial cable using a frequency domain technique to
determine the most appropriate calibration process for wireless UWB channels. All
measurements have been performed inside the Telecommunication Laboratory of the
School of Electrical, Computer and Telecommunications Engineering at University of
Wollongong, Australia.
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3.2 Related Work
Although a correct calibration process of the measurement setup is a priority for
accurate measurement of the channel properties, such calibration methods for UWB
channel measurements are very seldomly published.
The indoor UWB channels have been measured by many authors[6, 7, 9, 11, 14, 16-24].
However, although these authors have used a calibration process in their measurements,
they neither provide a justified procedure of how the calibration process was
implemented, nor which calibration process is most appropriate for UWB wireless
communication channel measurement. [6, 7] have reportedly calibrated the VNA, in
presence of cables and adaptors. For their studies, the reported time delay of the
measured channel impulse response was approximately 60 ns. Interestingly, this is
significantly higher than the time delay measurement results we have made for our
calibration setup. [10] have used through connector as calibration standard in their
calibration process. The approach of their calibration process was intended for
measuring the transfer functions of the channels inside an anechoic chamber. The
measurement data were stored and used to normalize their experimental results. For the
sake of improving signal to noise ratio, [25] proposed a calibration method that
consisted of the subtraction of two different measurement scenarios. This is not proper
calibration because the channel measurements will still be affected by the noise
associated with lossy cables, adaptors and the VNA itself. [16] measured the UWB
channels in the time domain calibrated by performing a measurement as a reference in
an anechoic chamber room. In [18, 19] indicated that the measurements were performed
with calibration of VNA – ZVC over frequency range of three to eight gigahertz.
However, they did not support this work by providing any evidence of using a
calibration procedure. In [14], the effects of the cables, low-noise amplifier (LNA),
transmitting and receiving antennas have been removed by calibration system. Others
prior to measurements, have relied on the calibration technique of the equipment vendor
to reduce the effect of equipment and cables on measured UWB channels in [9, 20, 23].
Another group of researchers [21, 22, 24] have calibrated the measurements device and
cables in order to measure undistorted UWB radio channel. [26, 27] have used Through
(TRU) calibration process to eliminate the effects of cables and equipment on the
measured data. Whilst [28] have alternatively relied on transmission reflection load
(TRL) calibration technique in their measurements. Furthermore, [29] have performed a
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through-line calibration technique to remove the effects of the VNA and associated
cables on the measured frequency response. Whereas this was useful, they do not
indicate how the calibration was achieved, nor do they provide the reasons for the
adopted calibration technique. Other researchers have measured certain UWB channels,
however they have not explained whether a calibration process was in fact used at all
[12, 30-41].
On the other hand, [42, 43] applied a calibration model after all measurements had been
taken by the VNA. In [42], they measured the frequency domain UWB channels
without calibration and applied calibration in the post processing. In [43], they used the
calibration and post processing in their measurements. As a result their measured data
must have been impacted by equipment and other cabling used in measurements setup.
The coaxial cable can be considered as a Transmission line which is needed to convey
the microwave and RF energy from one point to another with minimization of loss
during the transmission. The transfer function of

the cable in dB equal is to

20log(|Vtrans|/|Vincid|) where Vtrans = Transmitted Voltage through the cable and
Vincid = Incident Voltage on a cable [44].
The UWB Channel Impulse Response h(t) of linear system is useful characterization
of an indoor ultra wideband radio channels and it is given by

∑
Where

(3.1)

represents a real amplitude factor,

is the time delay of

multipath

component, N is the number of points Discrete Fourier Transform (DFT) and
represents the phase shift due to propagation in the channel [45].

3.3 Measurement Set-up and Methodology
Characterisation of the UWB channel in the frequency domain is based on
measurement of the transfer function at certain frequencies derived from a frequency
sweeping technique. This corresponds to S-parameters S21 measurement set-up, where
the DUT are the cables to the UWB forward propagation channel and antenna
connectors.
The transfer function measurements are typically performed by using a two-port VNA.
For this work we use the Rohde & Schwarz ZVC as shown in the Figure 3.1.
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Two Semi Rigid CRA213/V- coaxial cables, of the same length of 2.5m were used in
our measurements. These are also terminated with male 50 Ohm N-Type terminators,
and were connected to both ports of the VNA as well as the antennas as shown in Figure
3.1.

Figure 3.1 Connection of cables for UWB Channel measurement.

These cables were 2.5m in length, and had a nominal operating frequency range from 0
Hz (DC) to 18 GHz. Two identical monocone antennas with a, operating frequency
range from 1 to 20 GHz were used. These antennas were manufactured by the Institut
für Höchstfrequenztechnik und Elektronik, Universität Karlsruhe, Deutschland as
shown in the Figure 3.2. They were used in this study as both transmitting and receiving
antennas and were elevated at 1.055m during all measurements. All measurements were
performed using the VNA with a transmit power of PTX= -10 dBm to determine the
complex radio channel transfer function S21. For all measurements, the frequency range
was between 300 MHz and 8 GHz and with an Intermediate Frequency (IF) filter
bandwidth of 10 kHz. The number of frequency points in one sweep was 1601, with a
Sweep time of 810.49ns. The measurements were made with four distances of 1-, 2-, 3-,
and 4- metres between the antennas. These scenarios of the UWB channels were
measured using the TRL method with Line-Of-Sight (LOS) between the antennas. Ten
measurements were performed in each scenario allowing five minutes between them, in
order to extract the measurement error of the physical setup.
The VNA system, like all measurement systems, requires calibration to cancel the
effects of varying cable lengths, adapters and other components that are used in
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conjunction with the measurement. Note that the calibration does not include the
antennas and connectors for the antennas, as the effects of these cannot be removed
entirely (“calibrated out”), and are considered part of the system being measured.
For the calibration procedure, two different calibration methods were tested. In both
methods we used the Rohde &Schwarz R&S ZV-Z 270 female calibration kit which is
shown in Figure 3.3.

Figure 3.2 Monocone Antenna with ground plane of 100 mm.

Figure 3.3 ZV-Z 270 Calibration kit.
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The standard calibration connectors which were used in the measurements are as
follows:


Through (T) connector. The connector is a two port standard connector which
allows a low loss connection between the connecting cables, and allows for the
effect of the cables and end of cables N-type connectors to be calibrated out of
the channel measurement results.



Open (O) connector. An Open standard uses a one port standard connector
which leads to a reflected magnitude of one and approximately a phase of zero
degrees for the total reflection in the ideal case.



Short (S) connector. A short standard uses a one port standard connector which
leads to a reflected magnitude of one and approximately a phase of 180 degrees
for the total reflection in the ideal case.



Match (M). A match standard connector uses a one port standard which leads to
knowledge of the impedance at the end of the line (i.e. at N-Type male
connector) and calibration results from knowing the differences for the ideal
case.



No Connector Reflection standard in the TRL methods which involves
connecting the antennas to the VNA and placing a metal sheet halfway between
the transmitting and receiving antennas. The VNA consequently measures the
reflected waves from either port and subsequently implements an internal
calibration based on this measurement setup by the VNA manufacturer, using
predefined relationships that are not disclosed in the VNA user manual. The
Reflection standard (R=Reflection) is a one-port standard that receives a highenergy reflection which is known, and is such that the magnitude of reflection
coefficient is unity. In this technique the distance from both antennas needs to be
the same.
No connector Line (L) standard is a two-port standard, it leads to a perfect
matching connector between the two ports [8].

The first calibration method that was investigated utilized the TOSM calibration
adapters, connecting one end of each cable to port1 and port2 and the remaining ends to
the calibration adapter. The calibration set was initiated by selecting the Through, Open,
Short and Match soft keys on the VNA. The second calibration method investigated was
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our new calibration technique for the wireless UWB radio channel measurements,
which we call the Active Wireless Multipath Antenna Calibration (AWMAC)
Technique. This method utilizes the TRL calibration process. In this approach, prior to
initiating the calibration process, we first connect through and match adapters to both
cables. In addition, a metal panel is also first placed midway between the antennas
before the reflection ‘Cal’ soft key is invoked for both lines on the VNA. As shown in
Figure 3.4. Subsequently the reflection plate (metal cabinets) is removed and soft key
calibrations are again invoked for Line 1 and

Line 2. This calibration process leads to

a calibration measurement environment system which includes the antennas and
antennas connector’s characteristics. But excludes the terminator used by measurement
equipment (VNA, cables and terminators on cables). This calibration also allows for
measurement of antennas and UWB channel outside of an anechoic chamber. Hence,
real environmentally affected UWB channel measurements can be undertaken and
compared.

Figure 3.4 Measurement Set-up of TRL calibration process

3.4 Measurement Results and Analysis
In this section, the transfer function and impulse response of the cables and UWB
channels are presented before and after calibration. The magnitude of the transfer
functions of two cables with length 2.5m with and without the TOSM calibration
process are shown in Figure 3.5. In Figure 3.6, magnitudes of the transfer functions of
the same cables are shown both with and without the TRL process. From Figure 3.6, it
can be seen that the transfer function of the cables that are calibrated using the TRL
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Process, is approximately zero over the frequency range of 300 MHz to 8GHz. In
contrast, however, a small fluctuation between 7 GHz to 8 GHz of about 1 dB can be
seen in Figure 3.5.
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Figure 3.5 Transfer functions of cables without/with TOSM Cal. Process.
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Figure 3.6 Transfer functions of cables without/with TRL Process.

In Figure 3.7 the transfer functions of un-calibrated and calibrated UWB channels are
illustrated over a two meter distance between both antennas when using the TOSM
calibration procedure, together with the line of best fit for both channel signals. The
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RMS value of the un-calibrated channel signal was found to be equal to 1.4mV,
whereas the RMS value of the calibrated channel signal using TOSM was equal to
2.2mV.
The transfer functions of the un-calibrated and calibrated TRL UWB channels over
2m distance between the antennas, together with the line of best fit for both channel
signals is shown in Figure 3.8. Here, the associated RMS values were found to be
1.4mV and 3.2mV respectively. This indicates that the TRL technique for calibration
provides a better performance, than that of TOSM due to the larger RMS signal
magnitude. This is because the RMS value is a measure of the sum of individual
measured complex frequency components. Each component uses the formula (a+j*b)
which is the spectral complex measurement at the measured frequency, and is here
calculated using the MATLAB script.
We found that the delay of impulse response for the un-calibrated UWB channel with a
4m distance between the antennas is 36.95ns. As can be shown in Figure 3.9. This
shows that without calibration, the excess delay is very large.
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Figure 3.7 Magnitude of transfer function of un-calibrated /TOSM calibrated Channels.
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Further, we found a delay of 8.242ns when measuring the UWB channel with a 2m
distance between the antennas by using TOSM calibration process, as illustrated in Fig.
10. We subsequently found 5.009ns, 8.372ns, 11.6ns, and 14.97ns delays over UWB
channels, for 1-, 2-, 3-, and 4- meter distances between the antennas respectively. Each
of which was derived from snapshots of ten measurements that were performed in each
scenario by using the TRL technique. The errors of these measured delays were zero for
ten measurements in each scenario. Typically, such measurement errors can be caused
by the physical setup such as that of the VNA and, or quality of cables used in
measurement setup, etc. The associated delays of impulse response for the measured
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transfer functions per channel over distances of 2m and 4m, where TRL was used are
also shown in Figure 3.11 and Figure 3.12.
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The propagation time delay of the radio signal can be calculated by T=d/c where d is the
distance between the transmitting and receiving antennas and c is the speed of light in
free space. These delays over one, two, three and four meters in free space were
calculated to be:
1 /3 ∗ 10

3.33

2 /3 ∗ 10

6.667

3 /3 ∗ 10

10.000

4 /3 ∗ 10

13.333

Assuming 3*108 m/s to be an approximation of the speed of light.
From the measured data, we were thus able to obtain the measured delay of each
channel. These, for the considered scenarios are:
5.009

3.333

1.676

8.372

6.667

1.705

11.600

10

14.970

13.333

1.600
1.637
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Using these delay values we can calculate the delay of 1.6545 ± 0.0897ns which was
estimated from forty measurements in four scenarios (using 95% confidence intervals)
and which is only due to the two SMA/N-type connector adaptors which are directly
connected to both antennas. This delay cannot be further reduced as an appropriate
SMA calibration kit was not available for this investigation. It is, however, constant and
can be removed from the measurements by simple subtraction.

3.5 Conclusion
This paper addresses the influence of calibration procedures on UWB channel
measurements and assesses the most appropriate calibration process for coaxial cables
used in wireless indoor UWB channel characterization. We used two different
calibration methods, the TOSM calibration process and the TRL (AWMAC) calibration
processes. From the total results and analysis of the measured data, we can conclude
that for coaxial cables and wireless indoor UWB channel measurement the TRL
calibration process is the most suitable. Figure 3.6 shows that the transfer function of
the cable found using the TRL calibration process is approximately 0 dB. By comparing
the UWB channels in Figure 3.7 and Figure 3.8, it is observed that the antennas are not
suitable for the measurements in the frequency range from 300MHz to almost 2 GHz
and the magnitude of the UWB channel is increased by approximately 10 dB by using
the TRL calibration process. The excess time delay of the un-calibrated UWB channel
can be minimized by using either the TRL or TOSM calibration process. Based on
Figure 3.9 and Figure 3.12 the time delay of UWB Channel is decreased by using the
TRL calibration process from 36.95 ns to 14.97 ns over 4 meter distance between the
antennas .So the delay of 14.97 ns includes the measurements delay over 4 meter
distance and approximately 1.65 ns of this is due to the two SMA/N-type connector
adaptors. Based on these results, we are able to conclude that a delay of 1.6628 ± 0.0849
ns is caused only by the two SMA/N-type connector adaptors that are directly connected
to both antennas. This delay cannot be avoided due to the lack of an SMA calibration kit.
It can be removed from the measurements by simple subtraction. We found that using
TRL and TOSM calibration process leads to an increase in the RMS value of the signal
power of UWB Channels. Moreover, the time delay introduced by test equipment in the
results of the measured UWB channel can be removed by using the TRL and TOSM
calibration techniques. We conclude that the AWMAC should be the preferred
calibration technique for wireless UWB measurement due to larger RMS value of the
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magnitude of transfer function. Future work will investigate the effects of UWB channel
validation in presence of noise and time invariance.
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Chapter 4
Ultra Wideband Channel investigation through atmospheric
gases and refined engine oil

Abstract
In this chapter we propose using Ultra Wideband Channel measurements to detect the
presence of different substances between the antennas. This technique takes advantage
of the large number of frequencies which an Ultra Wideband signal occupies. We
propose two methods to detect differences in channel magnitude frequency responses
when in the presence of different substances between the transmitting and receiving
UWB antennas. We then take preliminary measurements and fit a curve of best fit to the
processed data. The preliminary results indicate that this technique may be able to be
used in conjunction with data mining techniques to detect the presence of different
substances between the antennas. This potentially provides a non-destructive technique
to measure different substances in the wireless medium between the two UWB antennas.

4.1 Introduction
UWB (Ultra Wide Band) systems are used in proposals for short distance high speed
telecommunications access. UWB channels are characterized by means of the use of
vector network analyzer (VNA). Such characterizations are typically done in a
laboratory or an office. Very few studies look at the effect of the substances between the
transmitter and receiving antennas on the frequency response of the channel. In this
study we propose to examine the effect of various gases and substances between the
transmitter and receiving antenna in an UWB communication system.
It has been recognized for many decades that microwave links are affected by the
presence of rainfall, with large fades resulting in higher Bit Error Rates (BER) across
microwave links[1,2,3]. This is especially the case above 10GHz. It is also a well
established scientific technique to use radio frequency absorption to identify different
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chemical compounds in gaseous solutions. This is especially the case for Infrared
radiation which has a higher frequency (and very short wavelength) than radio waves
used for mobile communications. There are many investigations that have used infrared
waves to track various substances [4,5,6]. Studies exist which have tracked plumes
using visual identifiers [7] and studies have been done using VNA to study the
dielectric properties of solid materials such as agriculture waste products meshed
together using various chemical resins[8].
Many of the spectrally efficient techniques for radio frequency communication try to
identify by measurement the frequency spectrum at various epochs in time and use
those spectra which are not experiencing a frequency fade (an example is Orthogonal
frequency division multiple access (OFDMA) cellular systems where the best frequency
slots, not currently experiencing frequency fading, are chosen for transmission).
Different techniques have been used to identify gaseous plumes (for example the effect
of fires on various radio frequencies is studied in [9], measurements in rocket plumes
have been published in [10,11,12]), but very few studies have done a comprehensive
study over the usable radio frequency spectrum.
Several authors have looked at the effects of having bodies in the presence of the
channel characterization. For example, one such study looks at having one or more
persons in a car in the presence of an UWB signal [21]. Also, such studies have
included the use of UWB for indoor localization applications [13-17]. In a sense such
studies are looking at the effect of water in the environment as the human body is made
up of approximately 90% of water. Other studies have looked at the effect of different
substances between the transmitting and receiving UWB antennas [4,5,6]. These studies
recognize that the transmission medium has an effect on the UWB signal. It is wellknown that water droplets affect wireless communications especially at the very high
frequencies (gigahertz and above) [1,2,3]. It is thus also possible that radio frequencies
may be affected by different substances and gases in the environment. This research
proposes a technique that may be used at higher frequencies in the microwave range to
identify different gases between the transmitting and receiving antennas. Some
preliminary results for various gases are then provided.
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4.2 Related Work
The UWB technology has been used for accurate indoor localization applications [1317]. Previous UWB radio channel measurements and analysis of measured data to study
the channel characteristics have been done by many authors in [18-31] in different
environments and scenarios by using a Vector Network Analyzer (VNA). The wireless
UWB radio channels measured by VNA needs to be calibrated to decrease the effect of
the measurements instrument on the channels [32]. A correct calibration process of the
measurement setup is a necessary for accurate measurement of wireless channels. A
VNA can be defined as an instrument that can measure the channel parameters (Sparameters) of physical wireless networks, such as phase and amplitude properties of
the wireless channels.
Redfield, et al. in [18] have presented a statistical model of UWB channel
measurements within a computer chassis and derived their channels impulse response
parameters. Also, the electromagnetic interference is measured inside a computer
chassis, and was included in their calibration of the device used to measure the radio
channel with connecting cables, in order to measure the undistorted UWB radio channel.
In [19] the characterization of wireless UWB radio propagation channel measurements
were investigated in environment of underground mine. The data was measured in
frequency range of 3 GHz to 8 GHz. Omnidirectional and directional antennas were
used in measurements to see their effects on the path loss propagation components.
Before the measurements, they have used calibration technique of the equipment to
reduce the effect of equipment and cables on the measured UWB channels. Whereas
Shack et. al. in [20] have measured and compared UWB channel measurements inside
three different car types within frequency range of 3GHz to 8 GHz. In addition, the
fundamental features of these channels in small and large scale fading were obtained for
different scenarios such as occupied and empty car and different physical positions of
transmitting antennas.
In [21], Shack et. al. measured wireless UWB channel inside the car within frequency
range of 3GHz to 8GHz and extracted fundamental features of measured channels in
large-scale and small –scale parameters. Their measured data were performed in case of
LOS and NLOS for occupied and empty car. In [22], Gelabert et. al. proposed a novel
concept and understanding of wireless channel measurements in a small electrical
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enclosure. This study was conducted by using a PC case as a measurement environment
scenario. They have also obtained and analyzed Ricean K factor and UWB channel
capacity from the measured data. In [23], the UWB radio propagation channels were
measured and investigated inside two types of vehicle, one box and sedan. They have
also considered the effect of passengers on measured channels in case of LOS and
NLOS scenarios.

Nakahata , et. al. in [24] have measured wireless UWB radio

propagation channels in underground mining environment within frequency range of 3
GHz to 10GHz and obtained experimental characterization of these channels such as
path loss exponent and coherence bandwidth. The LOS and NLOS measurements were
considered at two levels of corridor depth (40 m and 70 m).
In [25], the UWB channel measurements were performed in an underground mine to
obtain experimental characterization results for both small and large scale channel
parameters such as coherence bandwidth, path loss exponent and UWB channel
capacity. All measurements have been done in frequency range of 3GHZ to 10GHz and
have taken LOS and NLOS scenarios in their measurements. Santos, et. al. in [28] have
presented outdoor wireless UWB channel propagation measurements in gas station and
provided a novel scatter detection method that is suitable for outdoor wireless UWB
channel measurements. This method consists of high resolution algorithm which allows
identifying the scatters that give multipath components. A measured UWB channel
transfer functions were used as input to the scatters detection method to get Detected
Scatters at the output. All measurements have used a VNA to measure channel transfer
frequency response within frequency range of 3.1- 10.6 GHz.
In [29], the UWB channel characterization parameters and modelling of wireless UWB
propagation channel measurements are reported in case of NLOS scenarios in an
environment of underground mine over the frequency range 3-10 GHz. Directional and
Omni-directional antennas were used in these measurements to see their influence on
the measured channel coefficients. Sipal, et. al. in [30] have presented the frequencyselective fading based on the wireless UWB radio channels in confined environments
such as rooms. They provided a relationship between the severity of fading, the size of
the environment and analysis of such systems. All measurements have been performed
by using VNA over the frequency range 3-20GHz.
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In [31], Mugaibel, et. al. have examined the UWB radio propagation through typical
building construction materials and their impacts on the measured wireless UWB
channels in indoor environment. In their investigation ten construction materials:
drywall, ply wall, structure wall, wooden door, glass; brick wall, concrete block wall,
styrofoam, office cloth partition and reinforced concrete wall were considered. They
have measured the channel transfer function by using the VNA over the frequency
range 1-12 GHz.

4.3 Methodology
The VNA was calibrated with the antennas spaced about one metre apart. Two balloons
full of gasses Carbon Dioxide (CO2) and Nitrogen (N2) were used as well as a PVC
container filled with 5 litres of refined engine oil. These were placed between the two
identical monocone antennas, with a frequency range from 2 to 20 GHz, which were
used and are shown in Figure.1. These two antennas were manufactured by the Institut
für Höchstfrequenztechnik und Elektronik, Universität Karlsruhe, Deutschland. They
were used in this study as transmitting and receiving antennas and VNA channel
frequency measurements were performed. The VNA was setup for a frequency range
between 300MHz and 8GHz with 1601 sampling frequency points. The balloons and
the oil were held in place, being as stationary as possible. In each case a measurement
(called the air measurement) was conducted followed by a measurement of the same
channel configuration but with a gas filled balloon or a container of oil inserted. While
all frequencies were measured only an analysis of frequencies from 2GHz through to
7.78GHz was conducted. The reason was that these frequencies were well within the
frequency range of the VNA used and initial measurements indicated that the effect of
different substances on channel coefficients change significantly as frequency was
changed. All frequency analysis used as an input a series of snap shots of the measured
channel using the VNA with different substances and air between the transmitting and
receiving antennas. Then the magnitude of the air channel was subtracted from the
magnitude of the channel with the balloon or the five litres of refined engine oil. We
then investigated the differences in the measured values. We tried to keep the location
of N2 and CO2 balloons approximately the same physical size and located in the middle
between the TX and RX antennas. More than one snapshot was taken for each scenario.
As a result, the difference between the measured UWB channels of each substance was
almost the same.
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To do this study a small MATLAB script was written to calculate the means and Root
Mean Squared (RMS) values of measured channel snapshots. A channel snap shot was
measured using the VNA when there was only air between the transmitting and
receiving antennas. The magnitude of the frequency response of the channel for air was
then calculated in MATLAB. Then the substance of interest (example balloon of CO2)
was placed between the transmitting and receiving antennas. Another channel snap shot
was measured using the VNA and again its magnitude of the frequency response for the
channel was calculated in MATLAB. The magnitude frequency for the substance was
then subtracted from the magnitude frequency response for air only for every frequency
used in the measurement. This resulted in a magnitude difference channel response
which was then used to generate inputs to the MATLAB scripts used to calculate the
block means and block Root Mean Squared (RMS) values which are then plotted in this
study and compared. These magnitude difference frequency responses were then
segmented into contiguous blocks with fifty individual frequency measurements
spanning 241MHz in bandwidth. This was iterated over 24 non-overlapping blocks to
provide a block index of 1 through to 24 for each set of data. The MATLAB script then
calculated the means for each of 16 blocks calculated over 50 contiguous nonoverlapping measured frequency differences. Another MATLAB script performed the
same procedure but calculated the block RMS values instead of the block means. The
equation used to calculate the block RMS values in the MATLAB script was:
⋯.
(4.1)

was the magnitude of the substance ‘x’

Where N was equal to 50 in this study,

{either air only or a compound of a gas or liquid} and f1x was the first frequency
magnitude measured in a range of VNA magnitude measurements up to the 50th one for
the substance ‘x’, before the next block was started. The individual block RMS values
must always be a number greater than or equal to zero, whereas the mean can be any
positive or negative number (including zero, when the magnitudes of the measured
magnitude responses of air and the substance under test are the same).
The block mean values were simply calculated using the equation:
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∑

(4.2)

Where N was equal to 50 in this study,

was the magnitude of the substance ‘x’

{either air only or a compound of a gas or oil} and fnx was the nth frequency magnitude
measured in a range of VNA magnitude measurements up to the 50th one for the
substance ‘x’, before the next block was started.

4.4 Results and Discussion
The results are shown in the following range of snapshot figures of the calculated means
and RMS values. Figure 4.2 shows the means of differences between air channel
measurement and a balloon full of CO2 gas. We attempted to fit a curve of best fit to the
measured means over non-overlapped frequency segments. After some trial and error
measurements it was found that a polynomial of order 9 gave the best fit to the
measured data. This was observed for all substances tested. Also, to maintain
consistency between estimated curves it was considered useful to use the same order
polynomial to best fit the curves even if another order may have given slightly better
estimates. The bottom graph shows the difference between the Polynomial of order

block mean difference between
magnitude of air
and magnitude of CO2 channels
residuals

recorded means.

Figure 4.1 Means of magnitude of differences between air and CO2 filled balloon of gas.
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residuals

block mean difference between
magnitude of air and
magnitude of N2 channels

Figure 4.2 Means of magnitude of differences between air and N2 filled balloon of gas.

Figure 4.3 shows the means of differences between air channel measurement and a
balloon full of N2 gas. The line of best fit was a 9th order polynomial as shown. The
bottom graph shows the difference between the polynomial and the actual means.
Comparing Figure 4.2 and Figure 4.3 we note that the mean differences are a factor of
two different for CO2 and N2 for these snap shot frequencies for the maximum
deviation.
Figure 4.4 shows the means of differences between air channel measurement and PVC
bottle with five litres of refined engine oil. The line of best fit was again a 9th order
polynomial as shown. The bottom graph shows the difference between the polynomial
and the actual means. The plot also shows the polynomial used for the curve.
Comparing this to Figures 4.2 and 4.3 we note that the differences are now more
negative than the other plots.
We then used equation 1 to calculate the RMS values. Figure 4.5 shows the RMS values
of the magnitude of differences between air and CO2 filled balloon of gas. The line of
best fit was a 9th order polynomial as shown, with coefficients as on the plot. The
bottom graph shows the difference between the polynomial and the RMS values.

73

block mean difference between
magnitude of air and magnitude of
PVC bottle containing 5 litres of
Residuals
refined engine oil channels

Figure 4.3 means of magnitude of differences between air and a PVC bottle of five litres of refined engine

Figure 4.6 shows the RMS values of the magnitude of differences between air and N2
filled balloon of gas. The line of best fit was a 9th order polynomial as shown, with
coefficients as on the plot. The bottom graph shows the difference between the
polynomial and the actual RMS values
Figure 4.7 shows the RMS values of the magnitude of differences between air and PVC
container filled with 5 litres of refined engine oil. The line of best fit was a 9th order
polynomial as shown, with coefficients as on the plot. The bottom graph shows the

block of RMS differences between
magnitude of air and
magnitude of CO2 channels
residuals

difference between the polynomial and the actual RMS values.

Figure 4.4 RMS values of the magnitude of differences between air and CO2 filled balloon of gas

Comparing Figure 4.5 and Figure 4.6 we observe that there is a measureable difference
in the 9th order polynomials used to fit the snap shot based curves which indicates that
maybe the RMS technique can be used to detect the two different gases Carbon Dioxide
(CO2) and Nitrogen (N2). The means of the two gases seems to be much closer but
74

even in this case there are distinct discrepancies. Comparing the results for the gases to
the actual refined engine oil we can see a very significant difference in the RMS values
which strongly is indicating of the presence of refined engine oil between the antennas.

block of RMS differences between
magnitude of air and
magnitude of N2 channels
residuals

The means of the RMS values for the refined engine oil are also

residuals

block of RMS differences between
magnitude of air and
magnitude of N2 channels

Figure 4.5 RMS values of the magnitude of differences between air and N2 filled balloon of gas.

Figure 4.6 RMS values of the magnitude of differences between air and PVC container filled with 5 litres
of refined engine oil.

Very different to that for the gases as seen in the figures for RMS values.

4.5 Conclusion and Future Work
From Section 4.4 we see that there is an apparent difference between the channels when
air is compared to the three substances under test (two gases and one liquid). This
indicates that it may be possible to measure the channel magnitudes and compare these
to a database of known channel measurements in the presence of different substances.
This requires an improved database of observations and use of data mining techniques
to detect the existence of changing environmental variables using only UWB signal
channel measurements. This potentially can be done at low power (assuming sufficient
energy to measure an actual channel). Future work will investigate the possibility of the
75

multipath effects and reflection inside the measurement environment and will involve
making a substantial number of channel measurements and refining the statistical
measure to determine the presence of a particular substance between the antennas.
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Chapter 5
Measurement of Ultra wideband Channel Coefficient through
Carbon Dioxide and Methane gases in a Multipath
Environment

Abstract
This chapter reports an investigation was carried out into the effect of Carbon Dioxide
(CO2) and Methane (CH4) gases on various Ultra Wide Band Channel Coefficients.
Measurements were conducted using apparatus consisting of a rubberised tube (6mm
diameter) connected for significant periods to either a (pressurised) source of mixed
Methane and CO2 or alternatively to a Nitrogen (NO2) only. For support, the rubberised
tube was wrapped twice around a PVC pipe (160mm diameter). The rubberised tube
was flushed with 100% CO2 or 2.57 % concentration of methane several times before
being sealed in the tube at atmospheric pressure. In-between measurement trials,
removal of CO2 or methane was achieved by flushing with pure nitrogen. A VNA using
two identical directional antennas, with the wrapped section of tubing placed in-between,
measured the channel coefficients over Ultra Wide Band frequency spans of (0.3-8)
GHz and (1-2) GHz. Significant magnitude differences between the baseline condition
and that of CO2 were observed. The same measurements were taken with a frequency
span of 0.3GHz to 8GHz for Methane gas. Magnitude differences were taken between
the baseline condition (tube flushed out with Nitrogen) and alternatively containing the
methane or CO2 mixture. We found the same signature of difference curves over the
same frequency spans for different measurements over CO2 gas. The difference shape in
the frequency band of (1 to 2) GHz is the same as that measured difference over 1 to 2
GHz in entire frequency band of 300MHz to 8GHz for the measured channel
coefficients through CO2 gas. Also, it was found that consistent and repeatable
experiments produced the same trend of differences over the same frequency span. The
system based on this approach could thus be used as a simple sensor to detect the
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accumulation of methane gas in an environment well before it becomes explosive at
around a concentration of 5%.

5.1 Introduction
Previous studies have shown that gases, solids and liquids affect the electromagnetic
wireless channel coefficients measured at individual frequencies [1-10]. Vector
Network Analyzers (VNA) is used with antennas to measure the individual complex
wireless channel coefficients at a range of frequencies. This is accomplished after the
system has been calibrated for the effects of the antenna cabling using the TRL
calibration technique [7]. A broadband microwave gas sensor was proposed by
Rossignol et al. [9] using a VNA in the frequency range 0.015GHz to 3GHz for
absorption of a metal oxide substrate connected to a coaxial line to detect changes in the
sensor. This is a generic technique which used the S11 S-parameter measurements of
the VNA. In our study, we measure the S21 S-parameter measurements of the VNA for
the wireless complex channel coefficients. Gripp et al. [10] investigated microwave
spectrum of carbon dioxide (CO2) at different frequencies in room temperature.
Methane is detectable using Infrared sources and very sensitive equipment, which
require expensive sensors [11]. It would be advantageous to use lower frequencies to
measure the presence or absence of methane below concentration levels of 5%, where
explosions can occur. Such a system would have lower production costs, using
microwave frequencies compared to the infrared-based system.
Maryott et al. investigated the microwave absorption of methane, inconclusively, using
equipment in the 1950’s [14]. These microwave absorption measurements are different
to the measurement of complex wireless channel coefficient measurements provided by
the VNA. In addition, the measurements described in this study were obtained at
pressures close to one atmosphere, a humidity of 69% and temperature varying between
24-25 degrees inside a laboratory. Microwave absorption of methane gas was identified
in the atmospheres of the outer planets by Maryott et al. [14]. The authors also
suggested that the small dipole moment of methane provides stronger transitions over
the microwave frequency range at atmospheric temperature. Table 5.1 shows the line
intensities and spectral line position for frequency absorption in the atmosphere of the
outer planet at temperatures of 134°K as observed by Maryott et al. in [14].
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Table 5.1 line Intensities and Spectral line Position for Frequency Absorption in the Atmosphere [6].
Frequency in GHz

Absolute intensity (cm-2 amagat-1)

1.562879

1.62e-12

1.791730

1.31e-12

2.546742

1.52e-12

2.688583

1.5e-12

2.774606

5.07e-12

3.946940

1.68e-12

4.599229

3.14e-12

5.014758

4.44e-12

5.169506

2.77e-12

6.940206

1.62e-12

7.468747

2.38e-12

Methane gas is an important greenhouse gas which is emitted around the world and
recently increased by industry and agriculture sources [9]. We introduce a new
technique to estimate and detect a methane gas using UWB channel measurements. This
technique could be used in the mining industry. This study is new and novel as no study
has been found which investigates the detection of methane gas over UWB frequency
band using a vector network analyser.
This chapter outlines wireless channel measurements with incorporation of a
calibration and baseline measurement that allows for the detection of CO2 and methane
within in a small rubber tube. These measurements were conducted using a 160mm
diameter coil of the rubber tubing which yielded measurable and proportional
differences in magnitudes between the cases where a concentration of 2.57% methane
and 100% CO2 in nitrogen gas was present and alternatively the baseline measurements
which were taken when only nitrogen gas was present.

5.2 Measurement Set-up and Methodology
The experiments were conducted at the University of Southern Queensland using a
0.3GHz to 8GHz VNA. All measurements were performed at approximately one
atmosphere, at a humidity of 69% and whilst the temperature remained between 24-25
degrees inside the laboratory. As the local environmental atmosphere is mostly (~78%)
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composed of nitrogen gas (N2), pressurised nitrogen gas was used in these experiments
to flush any moisture or residual carbon dioxide gas or methane gas.
(CO2) and Methane out of the rubber tubing. The rubber tubing that was initially
connected to a pressurised gas vessel, was eventually vented to atmosphere through an
external window at its other end. The rubber tubing was wrapped with two full turns
around a section of PVC pipe (160mm diameter). This tube was then connected
manually to either pressurised vessel of nitrogen or carbon dioxide or methane gas.
The pressurised methane gas bottle contained a gaseous mixture of 2.57% methane with
nitrogen. In addition an in-line methane sensor (4-20mA) confirmed the presence or
absence of methane gas in the tube. This was constantly monitored and additional gas
injected when the initial sensor measurement started to decrease below 11 mA (values
of 4 mA were indicative of no methane gas present, and 10-12mA signalled the
presence of methane).
Two directional antennas were connected to the VNA and the system was calibrated
using the TRL calibration technique [7].
Two Monocone Omni-directional antennas with a ground plane of 100 mm were
modified using cylindrical tin-alloy containers to coerce directional behaviours. Both
antennas were elevated at 80 cm from the floor, the distance between them being 22 cm.
The number of frequency points in one sweep was 1601, with a sweep time of 810.49 ns
and a transmit power of PTX = -10 dBm, in order to determine the complex radio
channel transfer function S21 with an Intermediate Frequency (IF) filter bandwidth of
10 kHz. Figure 5.1 and Figure 5.2 show a photographs of the experimental setup. A
flow of CO2 and methane were established, and then subsequently blocked, storing a
sample in the rubber tube. Further, as each frequency band was changed, a new baseline
was measured. The baseline was measured after flushing out CO2 and moisture and
methane using N2. The wireless channel coefficients (S21) were measured over the
frequency range of 300 MHz to 8 GHz and over 1 GHz to 2 GHz, with and without the
presence CO2 in a multipath environment within the laboratory. And it were measured
only over the frequency range of 300 MHz to 8 GHz for the methane gas.
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The magnitude of the complex coefficients for the baseline was subtracted from those
measured when carbon dioxide or methane were present, as per Equation (5.1).
Difference = |S21(Co2)| - |S21(Baseline)|

Rx Antenna

(5.1)

Tx Antenna

VNA

Figure 5.1 Experimental setup

Figure 5.2 Experimental setup

5.3 Measurement Analysis and Discussion
Figure 5.3 illustrates the magnitude difference between two baselines measured
sequentially to each other. Note that the resultant trace is almost zero except for some
noise around 7 to 8 GHz. This suggests that the null hypothesis of nitrogen gas affecting
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the CO2 or methane measurements result has a very low probability. There were five
measurements of the baseline and ten measurements when carbon dioxide or 2.57%
methane were present. The frequency was varied between 0.3GHz and 8GHz and from
1 GHz to 2 GHz. There were 1601 discrete frequencies used in the measurements (the
largest number of samples that the VNA was capable of taking). Figure 5.4 shows a
snapshot of the first magnitudes of the measured channel coefficients for the baseline
and the carbon dioxide over frequency range of 300 MHz to 8 GHz.

0.015
Snapshot1

| S 21(Baseline) | - | S 21(Baseline) |

Snapshot1
0.01

Snapshot3

0.005

0

-0.005

-0.01

-0.015

-0.02

-0.025
0

1

2

3

4

5

6

7

8

Frequency in GHz

Figure 5.3 Absolute differences between two baselines snapshots.

The magnitude difference between the carbon dioxide measurement and the baseline is
shown in Figure 5.5. This indicates that there has been a change in the complex channel
coefficients over the frequency range 1.5GHz to 8GHz. After 1.5GHz, clear differences
appear, with the effect being less clear after approximately 3GHz, but still present (no
effect would be similar to the plot below 1.5GHz which is nearly horizontal).
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Figure 5.4 A single snapshot trend of the channel coefficients for Co2 and baseline over frequency range
of 300 MHz to 8 GHz.

Figure 5.6 illustrates the result of five measurements of the channel difference
magnitude. The plot has a similar shape to that for a single snapshot. The baselines were
chosen from the five baseline measurements. Due to the shape being very similar for
each snap shot we investigated the variance of each difference magnitude snapshot. The
variance remained essentially constant within a small error. The average value of the
variance was found to be 5.0168e-06±3.0172e-07 (using 95% confidence intervals). Our
results shown in Figure 4 indicate that peaks and troughs occurred at the frequency band
of 300MHz to 8GHz. These peaks here been taken only above +0.005 and below -0.005.
The value of ±0.005 is a threshold of any measurements errors, which can happen
during the measurements as shown in Table 5.2.
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Table 5.2 Different Peaks at Frequency Band of (0.3 to 8) GHz
Frequency Band in GHz

Amplitude

1.513 to 1.551

0.5406e-2 to 1.029e-2

1.633 to 1.652

0.5042e-2 to 0.5996e-2

1.672 TO 1.700

0.5338e-2 to 0.7271e-2

1.84 TO 1.854

-0.6948e-2 to -0.5521e-2

1.907 TO 1.922

0.5242e-2 to 0.6042e-2

2.721 to 2.793

(-1.043e-2 to - 0.5052e2

6.782

-0.519

7.629

+0.5166

7.875

-0.5253e-2

7.889

-0.8621e-2

7.904

-0.7591e-2

7.918

-0.6046e-2

7.995

0.5883e-2
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Figure 5.5 Absolute difference between CO2 and baseline.
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Figure 5.6 A Five absolute differences between CO2 and baseline trends superimposed on each other
showing the same shape with small variation for each snapshot for frequency range of 300MHz to 8GHz.

Figure 5.7 shows a snapshot of the first magnitudes of the measured channel
coefficients for the baseline and the carbon dioxide over frequency range of 1 GHz to 2
GHz. Figure 5.8 show five accumulated snap shots, using the channel difference
magnitude from the measurements scenario over the frequency range of 1GHz to 2GHz.
The resultant shape appears similar to that over the longer frequency span for the 1GHz
to 2GHz section of Figure 5.6. This leads to the observation that the CO2 gas has the
same signature at varying frequency ranges.
Figure 5.8 illustrates that over the same span of frequencies there is very little variation.
The variance, again, remained essentially constant within a small error. The average
value of the variance was found to be 1.2472e-05 ± 1.5614e-06 (using 95% confidence
intervals). Table 5.2 indicates that certain peaks over the different frequency spans have
been collected from randomly chosen snapshots in Figure 5.8 and taken above +0.005
and below -0.005. Comparing Table 5.3 to Table 5.2, we find a repeatable, highly
correlated response for the ultra wideband channel through the CO2 gas at the same
frequency values. This indicates that the CO2 gas has affected the channel coefficients
at various frequencies and we observed the same shape and signature of measured
frequency response over different frequency ranges. From these results we conclude that

88

the shape of the magnitude difference from the baseline is consistent between readings
when affected by 100% CO2 gas in the wrapped rubber tubing.
The variance remains very nearly constant over the same set of frequency points used
in the measurements for the same amount of CO2 gas present in the rubber tubing.
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Figure 5.7 A single snapshot trend of the channel coefficients for Co2 and baseline over frequency range
of 1 GHz to 2 GHz .
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Figure 5.8 A Five absolute differences between CO2 and baseline trends superimposed on each other
showing the same shape with small variation for each snapshot for frequency range of 1GHz to 2GHz.
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Table 5.3 Different Peaks at Frequency Band of (1 to 2) GHz
Frequency in GHz

Amplitude

1.509 to 1.554

0.5017e-2 to – 0.8707e-2

1.628 to 1.658

0.5178e-2 to 0.8013e-2

1.661 to 1.735

0.5834e-2 to 1.157e-2

1.816 to 1.855

-0.8867e-2 to -0.5021e-2

1.896 to 1.934

0.5196e-2 to 0.9282e-2

Figure 5.9 indicates a snapshot trend of the first magnitudes of the channel coefficients
(S21) for the baseline measurement and the methane measurement. This indicates that
there has been a change in the complex channel coefficients over the frequency range
from about 1.5GHz to 8GHz. There was no noticeable difference below 1.5GHz. After
1.5GHz there are clear differences between the magnitude spectra as shown in Figure
5.9. These snapshots were repeated nine times for the baseline and ten times for the
methane. Figure 5.10 shows the absolute difference between complex channel
coefficients of methane and baseline. The difference was subsequently plotted for five
snapshots trends on the same plot. Figure 5.11, indicates that in the shape of this
difference remains consistent over the several repetitions with only minor variation,
indicating that the snapshots trends are highly correlated. It should also be noted that the
baselines have been changed randomly as well as the methane magnitude channel
coefficient traces. Due to the high correlation in shape, we also investigated the variance
of the magnitude difference values between snapshots. The variance remained
essentially constant within a small error. The average value of the variance was found
to be 7.7966e-05 ± 5.5008e-07 (using 95% confidence intervals).
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Figure 5.9 A single snapshot trend of the channel coefficients for baseline and methane.

Figure 5.10 Absolute difference between methane and baseline.
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Figure 5.11 Five absolute differences between methane and baseline trends superimposed on each other
showing the same shape with small variation for each snapshot for 160mm PVC pipe.
Table 5.4 Different Peaks at Different Frequencies
Frequency in GHz

Amplitude

1.561

0.3811e-2

1.792

0.6623e-2

2.514

-0.2024e-2

2.687

-0.5653e-2

2.7746

-1.35e-2

3.943

-0.5896e-2

4.607

0.648e-2

5.002

1.081e-2

5.17

0.6947e-2

6.941

0.6259e-2

Our results shown in Figure 5.10 indicate that peaks and troughs occurred at various
frequencies. This indicates that the methane gas has affected the channel coefficients at
various frequencies. Comparing Table 5.4 to Table 5.1, we find a repeatable, highly
correlated response for the ultra wideband channel through methane gas at the same
frequency values, we found more peaks, which indicate that the methane gas has been
affected more through the use of Ultra wideband channel frequency measurements.
These are peaks shown in Figure 5.10.
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5.4 Conclusion
We have measured varying channel coefficients over the frequency ranges of 0.3-8 GHz
and 1-2GHz for CO2 and over frequency range of 0.3-8 GHz for methane gas. For a
particular frequency range we found the shape of the difference magnitude between CO2
and baseline measurements varied significantly. Moreover, results appear repeatable
and highly correlated for an ultra wideband channel, containing CO2 gas at the same
frequency values over different frequency bands. The shape of the resultant magnitude
difference spectra remained very nearly constant. The nearly constant variance in the
presence of 100% carbon dioxide concentration can be detected. It was noted, that the
shape and variance remained nearly constant over the same set of discrete frequencies
measured around smaller pipes. This infers that for most of the channel coefficient
difference magnitudes the amount of carbon dioxide between the antennas significantly
affects these magnitudes. Further, the same signature of the measured frequency
response occurred over different frequency ranges. This could be used as a new
technique to detect CO2 gas using a non-contact wireless technology.
For a particular frequency range we found the shape of the difference magnitude
between baseline and methane measurements varied significantly. The shape of the
resultant magnitude difference spectra remained very nearly constant and these
differences obtained almost the same variance. We found a number of peaks of the
variations indicate that the methane gas can have a measurable effect on the UWB
Channel coefficients for an indoor environment. This study suggests a possible
application of this technique to industrial mining activities. This technique could be
used to determine the presence of non-explosive levels of methane for situations where
methane builds up gradually in a confined or enclosed area. To do this one would need
to measure a baseline reference at a time when methane levels are known to be low
(possibly after a system has been vented with fresh air). The system then takes
continuous measurements of the channel coefficients over the same frequency span.
When the variance reaches a threshold level (say, the variance we measured for 2.57%
in the 160mm pipe) an alarm could be activated to indicate, the area should be
evacuated. Future work could be to apply more sophisticated signal processing
algorithms to the difference data to estimate and detect specific concentrations of
methane gas.
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Chapter 6
Ultra wideband Channel Classification for Multiple Crude
Oil Specimens in a Multipath Environment

Abstract
In this chapter, a new application of K-NN (K Nearest Neighbour) was implemented to
classify various substances using measured ultra wideband (UWB) channel complex
coefficients. The research question to be explored is can we use UWB channel
coefficients to detect a variety of different liquid materials and volumes of each. This
study provides a low-cost system to accomplish this by applying a data mining
technique to the collected frequency traces, answering this question in the affirmative.
Measurements of UWB channel coefficients were conducted for two types of crude oil
and ocean water, independently contained within 5 and 10 litre PVC containers, leading
to a total of six substance-filled samples to be evaluated. These containers were located
as the device under test (DUT) between directional transmitting and receiving ultra
wideband antennas and were both connected via the Vector Network Analyser to
measure their channel frequency responses over frequency bands of 300 MHz to 8 GHz.
Magnitude differences were subsequently taken between the various baselines (empty 5
and 10 litre PVC containers) and filled containers of the crude oil types (denoted A and
B) or ocean water. Random noise was also subsequently added to this data to test the
robustness of the classification method. After applying K-NN to the collected data it
was found that our classification results were 100% for the sets of 5-litre and 10-litre
crude oil samples but reduced to 56.66% and 60.66% when the random noise with
standard deviations of 1 was added to the recorded data. Further, if volumes and
substances are considered as increasing the DUT from 3 to 6, we found that we could
correctly identify 96.5% of these substances and their volumes in the measurements.
Hence, our technique can reliably classify diverse substances (certainly, different types
of crude oil) as well as, clear ocean water, when a sufficient volume of 5 to 10 litres
exists between the antennas.
96

6.1 Introduction
Ultra Wideband (UWB) Technology is currently being deployed in many applications
especially in industrial environments. It had been previously proposed that UWB
Channel measurements might be able to detect the presence of various substances
between the associated antennas. This previously proposed technique would exploit the
large number of frequencies within an UWB channel [1]. This potentially provides a
non-destructive technique to identify different substances in the wireless medium
between the two UWB antennas.
Carbon dioxide and Methane are well known green house gases that essentially affect
the environment. In our previous work, we studied the measurement of UWB Channel
Coefficients through Carbon Dioxide in a Multipath Environment were conducted using
apparatus consisting of a rubberised tube (6 mm diameter) connected to a source of CO2
or Nitrogen (N2) [2]. The multipath swept radiation in the UWB channel induces a
process similar to Collision Induced Absorption (CIA) in CO2[3]. A Vector Network
Analyser (VNA) using two identical directional antennas was used to measure the
channel coefficients over the UWB frequency ranges which spanned 300 MHz to 8 GHz
and 1GHz to 2 GHz. Significant magnitude differences between the baseline condition
and that of CO2 were observed. We found that the same signature of difference curves
over the same frequency spans for different measurements snapshots. The shape of the
frequency spectrum was consistent across multiple measurements for the same
frequency scans [2].
UWB Coefficient Measurements for Detecting Methane Gas in a Multipath
Environment were conducted, as well as an investigation into the effect of a nonexplosive methane gas mixture on various UWB Channel Coefficients [4]. Here, the
wireless channel coefficients were measured over the UWB frequency span of 300 MHz
to 8GHz. Magnitude differences were taken between the baseline condition (tube being
flushed with Nitrogen) and those containing the methane mixture. It was found in
numerous experiments that consistent and repeatable trends of differences were
obtained, over the same frequency spans. A system based on this approach could thus
be used as a simple sensor to detect the accumulation of methane gas in an environment
well before it becomes explosive at around a concentration of 5% [4].
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6.1.1 Detection of Substances
Various technologies have been used to classify crude oil, such as optical sensors [5, 6].
Optical sensors have been used for the exploration of oil and gas by introducing a
distributed optical sensor as well as, down hole optical spectroscopy devices to measure
surface characteristics of the remaining reserves of oil and gas [6]. This was achieved
through the introduction of distributed optical sensing and down hole optical
spectroscopy, as explained by the authors, it provides unique measurements for
exploration of gas and oil. They found the most common fluids included hydrocarbon
and water in oil (including light, medium and heavy oil types) as well as gas. All such
oils have an exponentially increasing absorption towards shorter wavelengths.
Microwave heating technology is another technology used to classify gas and oil over a
broader frequency range such as 100 MHz to 8 GHz [7]. Measurement of the dielectric
properties of heavy oils was presented by Porch et al. [8] using a coaxial probe
technique over also over the same frequency range (100 MHz to 8 GHz). Levitas et al.
[9] utilized UWB radar to detect fuel quality in a measurement setup of two UWB
antennas, UWB sampling receiver and an ultra short monocycle pulse transmitter. Key
features, such as, adulteration (adulteration of gasoline and high speed diesel with
kerosene), were detected using frequency domain analysis. The authors established a
typical UWB sensor component in their measurements by employing a single horn to
transmit sub-nano second UWB pulses and a second horn antenna to receive a reflected
signal from the oil samples [9]. Their UWB operating frequency was from 3.1 GHz to
10.6 GHz. The percentage of adulteration of gasoline and diesel were increased in steps
from 1% to 12%. By analysing the time of flight, the adulteration of gasoline was
detected starting from 1%. They used frequency domain analysis to detect adulteration
of high speed diesel and the level of the water in the oil storage. This is similar to our
study, however we utilize a new approach to this problem, by using a VNA and
directional UWB antennas.
Oloumi and Rambabu [10] conducted a study of UWB technology and associated
characteristics of heavy oil reservoir conditions, in order to acquire qualitative
information about the oil reservoir structures. Various scenarios of these measurements
and simulations were considered by using different UWB antennas such as the TEM
horn and miniaturised Vivaldi antennas. Savazzi and Spagnolin [11] also used UWB
wireless sensor networks to explore the presence of oil and gas by introducing a new
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challenging research area for the wireless community by using basic principles of
seismic acquisition system that are needed to define the wireless geophone network
specification.
Weiss et al. [12] used the Frequency Step Continuous Wave (FSCW) Radar to measure
a liquid quantity in a storage tank, such as the level of liquid surface in the storage tank.
The authors also detected a second, boundary layer level within the storage tank, such as
that of a water level in a petrol tank. Their measurement frequency was in the range of
1.5GHz to 3.5GHZ. Aldhaeebi et al. [13] further used UWB technologies by proposing
an UWB Vivaldi antenna for radio frequency identification (RFID) systems for
underground oil industry application. The frequency range of their simulated and
measured channel coefficients parameters were from 500MHz to 6GHz.
Volodin et al. [14] investigated a variety of samples of crude oil using a high frequency
wideband spectrum of 94 GHz with the electron paramagnetic resonance (EPR)
technique to provide a new method of quality control for different types of crude oil.
The authors chose the ratio of the integral intensity of low field EPR component of
vanadyl complexes to the free radical line to classify each sample. It was found that
different types of crude oil can be distinguished by this ratio and that the radical’s
vanadyl-ions components of crude oils can be detected and resolved by the EPR
technique [14].
6.1.2 Pattern Classification
The K-NN is one of the most popular algorithms for classification. This is due to its
good performance when data is significantly different; the K-NN algorithm is simple
such that it saves all stored data and classifies a new input data based on its measured
similarity. The algorithm is used to classify data by a majority vote of its neighbours. It
has been successfully deployed in numerous classification, data mining domains. For
example, K-NN has been used to identify different types of glass [15]. Jabbar et al. [16]
used K-NN to classify medical data on heart diseases, based on known measured
parameters, which for the cases considered, it provided optimal solutions. These results
indicated that K-NN provided a better enhancement of accuracies in the diagnosis of
medical various health diseases. In this study, we have similarly adopted the K-nearest
neighbours (K-NN) classification algorithm to classify our UWB measurement data.
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In this work, the three different substances that were subject to the UWB measurements
were: crude oil type A, crude oil type B and ocean water, each of which were enclosed
in both 5-litre and 10-litre PVC containers, forming the device under test (DUT). The
DUT was further positioned between the UWB transmitting and receiving antennas,
which were in-turn connected to the VNA forming a UWB forward propagation channel
through the DUT. The samples of crude oil A and B were extracted from different
oilfields. Ocean water was also investigated to provide a significantly different
substance. All measurement was made at room temperature. We then trained the K-NN
classifier with data of frequency scans (snapshots) of crude oil A, crude oil B and ocean
water. Additional data for each DUT case was also collected and utilised as sample test
sets, in order to validate the K-NN predictions. The findings demonstrate that this novel
technique can readily classify or reliably distinguish, between all evaluated substances.
This is done in a low cost, non contact wireless method. This technique could be used in
the oil industry in situations where canisters of crude oil have been mis-labelled and
there is a need to identify which batch of crude oil they were sourced from originally.
This can be done using the Unique UWB signature of the different crude oil sources.

6.2 Measurement Set-up and Methodology
In this study, characterisation of the UWB channel in the frequency domain is based on
the measurement of the transfer function at certain frequencies derived from a frequency
sweeping technique, which corresponds to the S-parameters S21 measurement set-up.
We note that the line of sight multipath were not present in the ocean water
measurements as it is unlikely that electromagnetic (EM) waves at UWB channel
frequencies penetrated the ocean water which includes dissolved salt (NaCl).
The transfer function measurements are typically performed by using a two-port VNA.
For this work we used the Rohde and Schwarz ZVC as shown in the Figure 6.1.
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Tx Antenna

VNA

Rx Antenna

Figure 6.1 Measurement Setup.

Two cables, of the length 2.5m were used in our measurements. These were connected
to both ports of the VNA as well as the antennas. Two directional antennas were
connected to the VNA and the system was calibrated using the TRL calibration
technique [17]. Two monocone omni-directional antennas with a ground plane of 100
mm were modified using cylindrical tin-alloy containers to coerce directional
behaviours as shown in Figure 6.1. These antennas were manufactured at university of
Karlsruhe, Germany. The block diagram of the measurement apparatus shown in Figure
6.2.
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Figure 6.2 Measurement Apparatus Block Diagram

All measurements were performed using the VNA with a transmit power of PTX= -10
dBm to determine the complex radio channel transfer function S21. For all
measurements, the frequency range was between 300 MHz and 8 GHz and with an
Intermediate Frequency (IF) filter bandwidth of 10 kHz. The number of frequency
points in one sweep was 1601, with a Sweep time of 810.49ns. All measurements were
conducted at the University of Wollongong , Australia.
The wireless channel coefficients (S21) were measured 50 times, over the frequency
range of 300 MHz to 8 GHz in a multipath environment (in the laboratory) for empty, 5litre plastic (PVC) containers as a baseline, 5-litre crude oil A, 5-litre crude oil B and 5litre ocean water. This was repeated using 10-litre PVC containers. The same type and
size of these PVC containers was used for all our measurements. The magnitude of the
complex baseline coefficients were subtracted from those of the 5-litres of crude oil A,
crude oil B and ocean water, as per Equation (1). Again this was repeated for the 10litre measurements.
Magnitude Difference = |S21(Substance)| - |S21(Baseline)|
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(6.1)

Quality control of the crude oils utilized the EPR technique at a specific frequency of 94
GHz. However, the disadvantage of this is that it is not wireless-based, it is slow and
expensive [14]. As our method is used over a frequency range of 300 MHz to 8 GHz,
the equipment at these frequencies are far less expensive that at 94 GHz. Moreover, it is
also a wireless technology, and is quicker and a less costly technology, and also yields a
higher accuracy detection rate.
Then K-NN classification algorithm was used to classify the difference between the
three different substances of crude oil A, crude oil B and the ocean water. The output of
the predicted data was used by a function classification of K-NN. The syntax of the
prediction function of classification K-NN was as per MATLAB 2015b statement (6.2).
Class= Knnclassify(sample, Training, Group, k)

(6.2)

More detialed explanation of K-NN classification algorithm arguments is shown in
Table 6.1.
Table 6.1 Arguments MATLAB statement
Sample
Training
Majority
Vote
Group
K

Matrix whose rows will be classified in groups of s substances for two
volume size of 5 and 10 litres and it has size of 294*1601
Matrix used to group the rows in the matrix sample and it has size of 6*1601
The majority vote of its neighbour was 2450 per substance (49 samples *50
times)
Vector whose distinct values define the grouping of the rows in Training
The number of nearest neighbours used in the classification. Default is 1

The progress of the classification method used in this research is shown as a flow chart
in Figure 6.3 used to represent the K-NN classification algorithm to analyse our
measured data from loading the data to detection of the substance. This classification
Algorithm started with loading measured data of channel coefficients of 300 measured
channels coefficients representing 3 substances of Crude A,B and Ocean water for two
volumes size of 5 and 10 litres as well as its baselines. The study used Matlab 2015b to
calculate the absolute differences between actual measured data and its baseline as
signature for each substance. This absolute difference was calculated for 300 channel
coefficients. Then we selected 6 training data from these differences and these training
data points were then removed from the samples (test) data. Then we have scenario 3 in
case of “yes” where we added a random noise to the training data only and then tested
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the sample data to see how the noise affects our classification results. In case “no” we
tested the sample data with the training without adding any noise.
We removed one sample to use as training data and classified remaining 49 samples.
We then repeated this for all of the remaining 49 samples, taking each one as training
data and classifying the remainder. This allowed us to determine if any one sample
could bias the outcome. The full results are given Appendix.

Figure 6.3 Flow Chart of K-NN classification algorithm.
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The samples used consisted of representative training samples which were removed
from the test samples and the number of nearest neighbours used in all experimental
scenarios was k=1.
Limitations of our setup include that it was conducted in a controlled laboratory
environment where objects were not moving and all multipath was included in the
measurements.

6.3 Measurement Analysis and Discussion
Results presented in Figure 6.4 indicate the clear magnitude differences between the 5litre samples. This indicates that the substances of different types of crude oils, as well
as ocean water, significantly affect the measured frequency trace over the frequency
ranges from 300MHz to 8 GHz. The equivalent samples for the 10-litre containers are
shown in Figure 6.5. These signatures were used to classify test samples utilizing the KNN classification algorithm over four experimental scenarios, described in the
following four sections.
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Figure 6.4 Magnitude differences between 5 litres of Crude Oil A, B and Ocean Water and baseline (5litre container)
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Figure 6.5 Magnitude differences between 10 litres of Crude Oil A, B and Ocean Water and baseline (10litre container) and the Ocean water has same snapshots over the frequency range of 300 MHz to 8 GHz.

6.3.1 Classification of 5-Litre substances
In this first scenario, we used a single training sample set which consisted of a 5-litre
sample of each of the 3 substances. The remainder of the measured data (147 frequency
traces/snapshots) were utilized as test data for classification. When we applied K-NN in
this case we achieved 100% classification of each substance as shown in Table 6.2.
Also, 100% classification was achieved for data in the frequency ranges from 2.04GHz
to 2.413GHz and 3.481GHz to 4.035 GHz.
6.3.2 Classification of 10-Litre Substances
In this experimental scenario, we repeat the first scenario, but with 3×10 Litre data sets.
Again, 100% classification was found for each substance utilizing the K-NN
classification scheme as detailed in Table 6.2. This also further applied to data from the
frequency ranges 2.04GHz to 2.413GHz and 3.481GHz to 4.035 GHz.
6.3.3 Classification of 5-Litre and 10-Litre substances with added random noise
In this scenario, a random noise (as per Equation 6.3) was added over 1601 individual
frequencies to each single trace of sample data for the 5 and 10 litre measured data
before again applying the classification algorithm to see how this noise can affect our
classification results.
N=i*randn(1601,1), i=0, 1, 2 and 9

(6.3)

As expected, the results of the classification after adding random noise resulted in
prediction errors. In this situation the output of the classification of all substances for 5106

litre measurements reduced to 56.66 % and 60.66 % for the 10-litre measurements when
random noise with a standard deviation of 1 was added. This effect is detailed in Figure
7.5, which illustrates that, by adding random noise of increasing severity to the test data,
we found that the classification rate decreased from 100% (zero noise) to 40 % and 30 %
when a significant random noise of 9 standard deviations is added to the 5 litres and 10
Litres samples respectfully.
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Figure 6.6 Classification rates for 5-Litres and 10-litres samples and standard deviations of the added
random noise added

6.3.4 Combined Classification across both 5 L and 10 L substance volumes
In this final experimental scenario, a single training set of 6 samples was created that
consisted of 1 sample taken from each of the 3 substances at both volume sizes. The
remainder of the measured data (294 frequency traces/snapshots) was further used for
classifying test data. This experiment was repeated 50 times until traces of all
substances had been selected as training data to the K-nn. In this scenario we found that
the output of the classification of all substances had an accuracy of 96.54 % and the
classification rates of each of the separate substances are given in Table 6.2. Additional
details can be found in Appendix 1.
Based on the results shown in Table 6.2 and Table 6.3 we conclude that classification
system improved the performance from 56.66 % and 60.66 % when random noise with
standard deviation of 1 was added, to 100% for both 5-litre and 10-litre measurements
separately. In addition this system can correctly classify the volume-amount of crude oil
or ocean water with an accuracy of 96.54%, when classified across all 6 samples. The
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majority vote classification of 2450 per substance can be found in the confusion matrix
shown in Table 6.2.
Table 6.2 Results of the Classification.
Experimental Scenarios

Frequency Band in GHz

Number of
training data

Number
of samples

Percentag
e correct

Scenario 1 - (5-litre)
Scenario 1 - (5-litre)

300 MHz to 8 GHz
2.04 GHz to 2.413 GHz
3.481 GHz to 4.035 GHz
300 MHz t o 8 GHz
2.04 GHz to 2.413 GHz
3.481 GHz to 4.035GHz
300 MHz to 8 GHz

3
3

147
147

100 %
100%

3
3

147
147

100 %
100 %

3

147

56.66 %

300 MHz to 8 GHz

3

147

60.66 %

300 MHz to 8 GHz

6

294

96.54 %

Scenario 2 - (10-litre)
Scenario 2 - (10-litre)
Scenario 3 - (5-litre) with
noise
Scenario 3 - (10-litre)
with noise
Scenario 4 - (combined
5,10 litres)
Table 6.3 Confusion Matrix
S1
S2
S3
S4
S5
S6

S1
100%
0
0
0
0
0

S2
0
100%
0
0
0
0

S3
0
0
100%
0
0
0

S4
0
0
0
100
0
0

S5
0
0.1224
0
0.0408
99.8367
0

S6
0
0
0
0
0.0816
99.9184

Further analysis was undertaken by calculating the average of the magnitude difference
over the fifty measurements for each substance and recording this as a signature
representation of that substance and volume classification. Subsequently, the piecewise
distances between each pair of averages was calculated by taking the summation of the
absolute differences between them, as shown in Equation 6.4.
Distance= ∑|┌i-┌j|

(6.4)

Where┌i,┌j are the average magnitude differences for two different substances where i
≠ j. Based on the results of these measurement of similarity between pairs of signatures,
it is clear that there is a greater distance between various substances within each of the
experimental scenarios (5-litre and 10-litre). In other words, the sets of three signatures
are dissimilar enough to generate 100 % classification in those experiments.
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However, when one adds all six substances into this analysis, the lower distance, or
greater similarity between the same substances in 2 distinct volumes contributes to the
misclassification. This is detailed in Figure 7.6.

Figure 6.7 Measure of similarity between each pair of signatures (smaller volume is more similar).

6.4 Conclusion
Ultra Wideband Channel Coefficient Measurements through a variety of crude oils, as
well as ocean water were implemented over the frequency range of 300 MHz - 8 GHz in
a multipath environment and their channel frequency responses measured. These
channel coefficients were used to classify three different substances in two volume-sizes.
A K-NN classification algorithm was applied to the various signatures to identify and
estimate the different substances with a 100% success rate, when comparing samples of
the same volume-size. We found that we can additionally classify across three
substances in two volumes with accuracy of 96.54 %. We have established the use of KNN to identify by UWB frequency traces a variety of substances and volumes. This
technique can be applied readily for other materials where all other factors are
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maintained. In future work, we will aim to identify the quality of crude oils using ultrawideband technology.
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Appendix 1: classification results of 50 measurements
Exp no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
16
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

S1 %
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

S2%
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

S3%
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

S4%
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
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S5%
97.9592
100
100
97.9592
100
97.9592
100
100
100
100
100
100
100
100
100
100
100
97.9592
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

S6%
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
95.9184
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

Overall
99.6599
100
100
99.6599
100
99.6599
100
100
100
100
100
100
100
100
100
100
100
98.9796
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

Chapter 7
Conclusion and Future Work

7.1 Conclusion
Based on our measurements and analysis, we conclude that the noise is decreased by
increasing the IF bandwidth. This leads to the need for more time to take channel
measurements. In the steel garage, we found that the environmental noise decreased
significantly compared to the measurements performed in our laboratories. We also
found that, the Environmental noise decrease slightly by using LPDA antenna compared
to the Teardrop and Horn antennas. Also, the LPDA antenna is more suitable for the
UWB channel measurements than the Horn directional antennas. While for
omnidirectional antennas, the Teardrop antenna performs better than the monocone
antennas. In additional application, the VNA can be used as a detector and to adjust the
frequency of remote control garage door controllers in the presence of environmental
noise. After that, we addressed the influence of calibration procedures on UWB channel
measurements and assesses the most appropriate calibration process for coaxial cables
used in wireless indoor UWB channel characterization. We used two different
calibration methods, the TOSM calibration process and the TRL (AWMAC) calibration
processes. From the total results and analysis of the measured data, we can conclude
that for coaxial cables and wireless indoor UWB channel measurement the TRL
calibration process is the most suitable. We found that the transfer function of the cable
found using the TRL calibration process is approximately 0 dB. It is also observed that
the antennas are not suitable for the measurements in the frequency range from 300MHz
to almost 2 GHz and the magnitude of the UWB channel is increased by approximately
10 dB by using the TRL calibration process. The excess time delay of the un-calibrated
UWB channel can be minimized by using either the TRL or TOSM calibration process.
Moreover, the time delay of UWB Channel is decreased by using the TRL calibration
process from 36.95 ns to 14.97 ns over 4 meter distance between the antennas .So the
delay of 14.97 ns includes the measurements delay over 4 meter distance and
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approximately 1.65 ns of this is due to the two SMA/N-type connector adaptors. Based
on these results, we are able to conclude that a delay of 1.6628 ± 0.0849 ns is caused
only by the two SMA/N-type connector adaptors that are directly connected to both
antennas. This delay cannot be avoided due to the lack of an SMA calibration kit. It can
be removed from the measurements by simple subtraction. We found that using TRL
and TOSM calibration process leads to an increase in the RMS value of the signal
power of UWB Channels. Moreover, the time delay introduced by test equipment in the
results of the measured UWB channel can be removed by using the TRL and TOSM
calibration techniques.
We conclude that the AWMAC should be the preferred calibration technique for
wireless UWB measurement due to larger RMS value of the magnitude of transfer
function. Then preliminary measurements have been done by proposing using Ultra
Wideband Channel measurements to detect the presence of different substances between
the antennas. This technique takes advantage of the large number of frequencies which
an Ultra Wideband signal occupies. We propose two methods to detect differences in
channel magnitude frequency responses when in the presence of different substances
between the transmitting and receiving UWB antennas. We then take preliminary
measurements and fit a curve of best fit to the processed data. The preliminary results
indicate that this technique may be able to be used in conjunction with data mining
techniques to detect the presence of different substances between the antennas. This
potentially provides a non-destructive technique to measure different substances in the
wireless medium between the two UWB antennas. We found that there is an apparent
difference between the channels when air is compared to the three substances under test
(two gases and one liquid). This indicates that it may be possible to measure the channel
magnitudes and compare these to a database of known channel measurements in the
presence of different substances. This requires an improved database of observations
and use of data mining techniques to detect the existence of changing environmental
variables using only UWB signal channel measurements. This potentially can be done at
low power (assuming sufficient energy to measure an actual channel). Future work will
investigate the possibility of the multipath effects and reflection inside the measurement
environment and will involve making a substantial number of channel measurements
and refining the statistical measure to determine the presence of a particular substance
between the antennas. Then we have measured varying channel coefficients over the
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frequency ranges of 0.3-8 GHz and 1-2 GHz. For a particular frequency range we found
the shape of the difference magnitude between CO2 and baseline measurements varied
significantly. Moreover, results appear repeatable and highly correlated for an ultra
wideband channel, containing CO2 gas at the same frequency values over different
frequency bands. The shape of the resultant magnitude difference spectra remained very
nearly constant. The nearly constant variance in the presence of 100% carbon dioxide
concentration can be detected. It was noted, that the shape and variance remained nearly
constant over the same set of discrete frequencies measured around smaller pipes. This
infers that for most of the channel coefficient difference magnitudes the amount of
carbon dioxide between the antennas significantly affects these magnitudes. Also, we
have measured consistent but varying channel coefficients shape differences over
different frequency ranges. For a particular frequency range we found the shape of the
difference magnitude between baseline and methane measurements varied significantly.
The shape of the resultant magnitude difference spectra remained very nearly constant
and these differences obtained almost the same variance. We found a number of peaks
of the variations that indicate that the methane gas can have a measurable effect on the
UWB Channel coefficients for an indoor environment. This study suggests a possible
application of this technique to industrial mining activities. This technique could be
used to determine the presence of non-explosive levels of methane for situations where
methane builds up gradually in a confined or enclosed area. To do this one would need
to measure a baseline reference at a time when methane levels are known to be low
(possibly after a system has been vented with fresh air). The system then takes
continuous measurements of the channel coefficients over the same frequency span.
When the variance reaches a threshold level (say, the variance we measured for 2.57%
in the 160mm pipe) an alarm could be activated to indicate, the area should be
evacuated. Future work could be to apply more sophisticated signal processing
algorithms to the difference data to estimate and detect specific concentrations of
methane gas. These could be used as a new technique to detect CO2 and methane gases
using a non-contact wireless technology.
Finally, Ultra Wideband Channel Coefficient Measurements through a variety of crude
oils and ocean water were implemented over the frequency ranges of 300 MHz - 8 GHz
in a multipath environment and their channel frequency responses measured. These
channel coefficients were used to classify three different substances in two
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volumes/sizes. K-NN classification algorithm was applied to the various signatures to
identify and estimate the different substances with a 100% success rate. When
comparing samples of the same volumes/size. We concluded that classification system
improved the performance from 56.66 % and 60.66 % when random noise with standard
deviation of 1 was added, to 100% for both 5-litre and 10-litre measurements separately.
We found that we can additionally classify across three substances in two volumes with
accuracy of 96.54 %. We have established the use of K-NN to identify by UWB
frequency traces a variety of substances and volumes. This technique can be applied to
other materials where all other factors are maintained. This answered our research
question.

7.2 Recommendations for Future Work
The work presented in this thesis can be expanded for further research as following
recommendations.


The future work is to identify the quality of crude oils using ultra wideband
technology.



Apply this technology on medical applications to solve or treat for serious
issues



Further measurements and analysis of UWB channel coefficients through
greenhouse gases over long distances to eliminate climate changes for long
term
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